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Abstract
Metal nanoparticles are of great interest because of their unique physical properties such
as plasmonic absorption. By incorporating nanoparticles into polymers, nanocomposites
with interesting properties can be made. These nanocomposites can be useful within
optoelectronics, electrochemistry or catalysts. The possibility to effectively structure the
nanocomposites are however a limiting factor.
In this project the UV sensitive photoresist SU-8 gold and silver nanocomposites have
been fabricated which can be deposited and structured using standard micro and nanofab-
rication processes.
In the beginning, a method named as ex situ has been attempted to develop the
nanocomposites. In this method, synthesised nanoparticles were incorporated into the
photoresist matrix through effective solvent exchange from water to cyclopentanone, the
solvent of the primarily used SU-8. The solvent exchange was achieved by first stabilizing
the nanoparticles using the block co-polymers PVP/VA and PVA-COOH. The water was
then secondly removed by co-evaporating under reduced pressure in the presence of target
solvent. PVA-COOH was discarded after a jellification when in contact with cyclopen-
tanone was discovered. A technique called pre grafting was found to be most effective for
the stabilisation process. In pre grafting the nanoparticles were formed in the presence
of PVP-VA. For the two metal nanocomposites attempted to be fabricated only the gold
SU-8 nanocomposite was successfully and reproducibly produced with the ex situ method.
An in situ method was then tried for the development of both gold and silver SU-8
nanocomposites. In this procedure, the metal precursors were incorporated with SU-8
and the respective nanoparticles formed within the photoresist matrix. The nanoparti-
cles should preferably be formed during the heat treatment or UV irradiation after spin
coating. It was able possible to dissolve the gold precursor directly into the photoresist,
but nanoparticles with large size distribution were formed within a time frame of 20 s.
This made further processes such as spinning and formation of a homogeneous thin layer
of nanocomposite tedious. In the case of silver, a co-solvent was needed to incorporate
silver nitrate into SU-8. In the first attempt DMSO was used as the co-solvent, but as
DMSO is a Lewis base, it prohibited complete cross-linking during the UV irradiation step.
Acetonitrile was then chosen for as co-solvent which resulted in a successfully structured
in situ silver SU-8 nanocomposite.
For both the ex situ and in situ nanocomposites structuring was initially found to
be troublesome. Complete cross-linking of the SU-8 was only found to be possible after
removing the filter from the aligner which blocks wavelengths below 350 nm. The obtained
resolution was similar to what could be obtained with unmodified SU-8.
It has been found that for the silver nanocomposites a further hard bake step at 300◦C
in the end of the process resulted in the additional formation of numerous nanoparticles.
The heating does not result in growth or agglomeration of the nanoparticles. It was also
found that for high loads of silver in the nanocomposite, the additional heating results
in a conductive composite. The conductive silver nanocomposite has been compared to a
commercially available product, and although SEM investigations show that the structure
of the fabricated composite appears to be preferable compared to the commercially available
one, the obtained conductivity needs to be improved before it is competitive.
All nanocomposites have been investigated to show that the nanoparticles maintain
their plasmonic absorption and that the absorption is proportional to the nanoparticle
concentration. The position of the plasmonic absorption peak was found to be red shifted
with approximately 10 nm compared to that of pre synthesised nanoparticles in SU-8
or cyclopentanone. It was for the silver nanocomposites found that the additional heat
treatment blue shifted the plasmonic absorption peak such that it again resembled that of
the synthesised nanoparticles.
In conclusion this project has resulted in the successful fabrication of new metallic
nanocomposites which can be used for micro- and nanofabrication. The process for the
in situ formation of nanoparticles is, however, not completely understood and should be
investigated in the future.
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Dansk Resume´
Forma˚let med denne Ph.D. har været nye materialer som kan anvendes til nano- og mikro-
fabrikation. Mere specifikt er der blevet kigget p˚a nanokompositter best˚aende af metal
nanopartikler i fotoresisten SU-8. SU-8, som primært best˚ar af en epoxy resin, opløst
i cyclopentanon, er valgt til dette projekt, grundet materialets transparens ved synlige
bølgelængder, samt store biokompatibilitet, n˚ar først det er hærdet.
De overordnede fokuspunkter for projekter var:
• Syntese af metal nanopartikler.
• Overføre nanopartikler til SU-8.
• Nye metoder til fremstilling af nanokompositter.
• Karakterisering af nanopartikler og -kompositter.
Guld og sølv nanopartikler er blevet syntetiseret p˚a flere forskellige ma˚der. En metode
er blevet brugt til fremstilling af guld nanopartikler mens to forskellige metoder er blevet
benyttet til at fremstille sølv nanopartikler.
Guld og sølv nanopartikler er blevet udvalgt grundet deres store plasmoniske respons
som gør dem velegnede til optiske sensorer.
For at forøge den kolloide stabilitet er nanopartiklerne efterfølgende blevet coatet med
en polymer. To forskellige polymerer er blevet benyttet, henholdsvis poly(vinyl pyrroli-
done/vinyl acetate), PVP/VA, og PVA-COOH. Polymererne er udvalgt da de er opløselige
i b˚ade vand og organiske opløsningsmidler og derudover er biokompatible. Det har dog
vist sig at PVA-COOH ikke er forenelig med SU-8 hvorfor denne er blevet droppet. Der
blev oprindeligt benyttet en stabiliseringsmetode hvor nanopartiklerne blev coatet efter
fremstilling.
Nanopartiklerne er fremstillet i vand for at minimere brugen af giftige og skrappe
kemikalier hvilket nødvendiggør at vandet udskiftet med et SU-8 kompatibelt opløsningsmiddel.
Tre forskellige metoder er blevet benytter til udskiftning af vandet; centrifugering, fry-
setørring og rotationsfordampning. For centrifugering og rotationsfordampning har det vist
sig at fuldstændig udtørring af partiklerne umuliggør suspension i organiske opløsningsmidler.
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Frysetørring har vist sig ikke at være mulig med sølv nanopartikler p˚a grund af faseadskil-
lelse og agglomeration af nanopartiklerne. Et lignende fænomen dog p˚a mindre skala blev
oprindeligt ogs˚a observeret for guld nanopartikler. En gradvis udskiftning af vandet med
det ønskede opløsningsmiddel ved hjælp af rotationsfordampning har dog vist sig mulig.
Det er lykkedes at overføre b˚ade guld- og sølv nanopartikler til cyclopentanon med denne
metode. Stabiliteten af nanopartiklerne har dog vist sig yderst svær at opretholde n˚ar
SU-8 tilsættes.
For at opn˚a nanopartikelstabilitet n˚ar SU-8 tilsættes er en alternativ metode til at frem-
stilling og coatning af nanopartikler blevet udviklet. I stedet for at syntetisere partiklerne
hvorefter de coates, er polymeren PVP/VA tilstede under fremstillingen. Dette resulterer
en større stabilitet af partiklerne. Dette har resulteret i at guld nanopartikler der er stabile
i SU-8. Rotationsfordampning er igen blevet benyttet til at udskifte vandet med SU-8. Det
ser ogs˚a ud til at denne alternative coating metode muliggør brugen af frysetørring for guld
nanopartiklerne. Det er ogs˚a lykkedes at opn˚a stabile sølv nanopartikler i SU-8 ved hjælp
af rotationsfordamperen, men disse resultater har dog ikke været reproducerbare.
Disse metoder hvor fremstillede nanopartikler coates med en polymer hvorefter de bliver
blandet med SU-8 er blevet navngivet ex situ kompositter. Der er ogs˚a udviklet procedurer
for in situ kompositter hvor nanopartiklerne først dannes i selve SU-8 fotoresisten.
In situ kompositterne fremstilles s˚aledes at de metalsalte som skal bruges til at fremstille
nanopartiklerne blandes direkte med SU-8. Dette er muligt for guldklorid som bruges til
at fremstille guld nanopartikler, men ikke for sølvnitrat som bruges til fremstilling af sølv
nanopartikler. Det har derfor været nødvendigt at finde et opløsningsmiddel der kan opløse
sølvnitrat og samtidig være kompatibelt med SU-8. Flere forskellige opløsningsmidler er
blevet afprøvet, men de tre som er blevet brugt til fremstilling af nanokompositter er
DMSO, ethanol og acetonitril. Brugen af DMSO har dog vist sig at resultere i ufuldstændig
krydsbinding af SU-8 hvorved det opløsningsmiddel ikke kan benyttes.
N˚ar opløsningsmidlet med sølvnitrat blandes med SU-8 vil der over tid blive dannet
nanopartikler. Denne proces er yderst hurtig for guld og sker inden for 20 s, mens det for
sølv g˚ar noget langsommere. For sølv er det derfor meget nemmere at benytte de processer
som er nødvendige i nano- og mikrofabrikation. Den største formation af sølv nanopartikler
er blevet observeret til at ske under opvarmning. Den præcise kemiske proces ansvarlig for
formationen af nanopartiklerne er dog ukendt.
For alle nanokompositter, in situ og ex situ, har det været nødvendigt at fjerne det
filter der normalt blokerer for lave bølgelængder under UV eksponeringen for at opn˚a
fuldstændig krydsbinding. Uden fuldstændig krydsbinding kan nanokompositterne ikke
struktureres som ønsket. Det er derudover ogs˚a fundet at brugen af ethanol og en anden
SU-8 en primært benyttet muliggør strukturering af en nanokomposit uden at filteret
fjernes fra maskinen. Brugen af ethanol begrænser dog mængden af opløseligt sølvnitrat
betragteligt i forhold til acetonitril.
Det har vist sig at de bedste nanokompositter opn˚as ved at benytte ex situ metoden for
guld nanokompositter og in situ metoden for sølv nanokompositter. For alle fremstillede
nanokompositter har det vist sig at UV litografi kan benyttes til strukturering og at en
opløsning p˚a 5 µm kan opn˚as. Belysningstiden er dog væsentligt forhøjet i forhold til
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standardprocesser.
Det er ogs˚a blevet fundet at en yderligere opvarmning til 300◦C efter fremstilling af
sølv nanokompositten resulterer i en massiv dannelse af nanopartikler uden at de allerede
tilstedeværende nanopartikler vokser eller agglomererer. For høje koncentrationer af sølv
vil dette ligefrem føre til en ledende nanokomposit. Den samme effekt er ikke umiddelbart
blevet fundet for guld nanokompositten.
Den udviklede in situ metode til fremstilling af SU-8 sølv nanokompositter løser flere
problemer beskrevet i litteraturen omkring netop SU-8 sølv nanokompositter. Det har
tidligere ikke været muligt at benytte spin coatning til deponering af resisten eller opn˚a
fuldstændig krydsbinding ved forsidebelysning. Begge disse problemer er blevet løst hvilket
øger anvendelsesmulighederne.
Ex situ nanokompositterne har dog stadig de fordele i forhold til in situ nanokomposit-
terne at der er bedre kontrol med partikel form og størrelse samt at nanopartiklerne kan
funktionaliseres s˚afremt dette ønskes.
Helt konkret har det vist sig muligt at fremstille og strukturere tre forskellige komposit-
ter. En ex situ guld komposit samt to in situ sølv kompositter. For høje koncentrationer
af sølv er det blevet observeret at en opvarmningsproces p˚a først 150◦C efterfulgt af 300◦C
resulterer i et ledende materiale. Materialet viser indtil videre lavere ledningsevne end et
kommercielt tilgængeligt produkt, men har en overfladestruktur som ser mere favorabel
ud.
Der er dog stadig masser af ting som kan undersøges og forbedres før nanokompositterne
er fuldt forst˚aet og anvendelige for et bredt publikum.
S˚a som en konklusion kan man sige at der har været; masser af succes og det der hører
til, af adskillige fiaskoer, utallige frustrationer og ting der bare ikke har virket undervejs,
men det er til slut lykkedes at skabe et materiale med en masse anvendelsesmuligheder og
som forh˚abentligt viser sig brugbart for mange personer.
vii
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Chapter 1
Introduction
In this chapter an introduction to the subject of this Ph.D. will be given. In the begin-
ning a short description in semi-popular language is included to allow people who are not
knowledgeable within this field to get an idea of the concept.
A more thorough introduction explaining follows, explaining the possibilities and limi-
tations as well as prior art known within the areas of this Ph.D.
In the end a short description of the remaining chapters is given.
1.1 What is This Thesis About?
Within every intelligent device, be it a computer, a smart phone or an air back sensor,
small components fabricated using micro- and nanotechnology is found. In every computer
millions of transistors transforms inputs into outputs allowing you to play you favourite
computer game, make 3D drawings or just use a spreadsheet to calculate how much money
you can spend on a new car. None of this would be possible without the ability to structure,
primarily, silicon on the micro- and nanoscale.
Transistors, sensors and other miscellaneous components are all Micro Electro-Mechanical
Systems (MEMS) and in general the method of fabricating these devices is called MEMS
technology. If optical applications are further added to the functionality the name is some-
times changed to MOEMS.
In this project the goal is to end up with new materials for use in micro- and nanofab-
rication. This could allow even more advanced applications than currently available, or
better performance of already existing components.
At first it is important to understand that particle contamination is extremely impor-
tant when fabricating MEMS devices as just a single particle can destroy an entire device.
This is because of the very small structures which are easily short-circuited by a single
particle. All fabrication therefore have to take place in a dedicated cleanroom which is
designed to be as particle free as possible, meaning 1000 – 10 particles per cubic meter or
even less. This can be compared to ambient air in an urban environment which typically
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consist of 35 million particles per cubic meter of a size of 0.5 µm or more.
In cleanroom fabrication a lot of standardized processes exist in order to keep the cost
down. The most used process for making small structures are UV lithography or variations
hereof for more advanced systems. In UV lithography a UV sensitive polymer or polymer
precursor is used to transfer the desired pattern into the substrate.
UV lithography works in the way that the polymer or polymer precursor, is dissolved in
a solvent together with a material which reacts when exposed to UV light. This mixture,
called a photoresist, is then deposited on a substrate, most likely silicon, using a variety
of different methods including spin coating, a commonly used technique. In spin coating
the substrate is rotated at a speed of maybe 2000 RPM and some photoresist is then
poured onto the substrate. The rotation of the substrate results in most of the photoresist
being flung or spun of the substrate leaving only a thin layer of for instance 2 µm behind
covering the entire surface. Afterwards the photoresist is exposed to UV light through a
mask which has the desired pattern. The UV light activates the photo reactive material in
the photoresist which then again takes part in a chemical reaction with the polymer. After
the exposure the substrate is dipped in a solvent to develop the structures. Photoresists
can be acquired as a positive resist, where all exposed resist is removed, or as a negative
resist, where all the unexposed resist is removed.
This is the basics of UV lithography although the complexity is somewhat higher. A
thorough explanation of the entire UV lithography process is given in chapter 7.
As mentioned, the goal of this project is to produce new materials that can be used
within MEMS and cleanroom fabrication. The development of these new materials is
focused on nanocomposites made of nanoparticles and photoresists. The nanocomposites
are interesting if they maintain the properties of the nanoparticles. As will be explained
nanoparticles behave much different than bulk materials. The main challenge is to be able
to make such a composite while still maintaining the possibility to manipulate it using
standard fabrication techniques.
If you are hooked on learning more please read on, otherwise skip to chapter 9 for the
conclusion to see what have been achieved, or return to the real world rejoicing in the fact
that people are constantly trying to improve the world we live in.
1.2 Nanocomposites
After this general and brief introduction to the subject a deeper description is needed for
the different areas covered. First we will take a look nanocomposites starting out with just
a regular composite.
A composite can be described as a material which is constituted of two or more mate-
rials which are chemically or physically different. It is also described as; a solid material
that results when two or more different substances, each with its own characteristics, are
combined to create a new substance whose properties is superior to those of the original
components in a specific application. The term composite more specifically refers to a struc-
tural material (such as plastic) within which a fibrous material (such as silicon carbide) is
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embedded [1].
Composites have been used for thousands of years from Egyptians mixing mud and
straws to make bricks, till today’s vast consumption of concrete. Composites have also
had a great development from wooden planks on metal frames [2] to the current uses
within almost any application. Regular composites, how interesting they may ever be,
are however not really relevant within this project as we need things to be small, hence a
nanocomposite.
A nanocomposite basically means that at least one of the materials in the composite
are in the nanometre range, which most likely mean that some “regular” composites could
also get that label since they also contain elements in the nano range. Nanocomposites
are of great interest as they make it possible to develop and utilize unique mechanical,
electrical, optical or other properties [3].
Of the many current uses of nanocomposites the most widespread is lightweight ma-
terials within the airplane industry and composites in car manufacturing [4]. The use of
different materials such as carbon nanotubes added to epoxy to increase the elastic modulus
has been utilized for many years [5].
Although nanocomposites are of very high interest and can be used for things such as
self-healing materials, a problem often encountered are the tendency of nanoparticles to
cluster and aggregate by which the properties associated with the individual nanoparticles
are negated [3].
To understand the nanocomposite better, it is important to look at the nano component,
here the nanoparticles.
1.3 Nanoparticles
One of the constituents of a nanocomposite needs to be in the nanometre range. In this
project the focus is on metallic nanoparticles, but engineered nanoparticles come in many
forms, shapes and materials ranging from metal oxides over diamonds [6] to noble metals.
Nanoparticles have been used for centuries, but the first scientific description came
from Faraday [7]. Since then, nanoparticles have been widely explored because of their
unique properties such as optical, electrical or magnetic [8, 9], but nanoparticles are also
extremely interesting within drug delivery [10].
Although extremely interesting, many questions have also been raised about human
exposure to nanoparticles and their toxicity [11], but this should not be a problem in this
project as the nanoparticles are supposed to be completely encased within the polymer
matrix. Depending on the final application and the type of nanoparticles which have been
used, toxicity studies should be performed if necessary.
Nanoparticles can, as mentioned, be made from almost any material, but as the title
betray this project only looks into the possibilities of metallic nanoparticles. One reason to
choose metallic nanoparticles is their optical properties which makes them very interesting
for optical sensors. Other reasons are their electrical conductivity and their physiochemical
properties, which makes them extremely useful in biological sensors [12].
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Metal nanoparticles are easily synthesized using a large variety of chemical processes
ranging from using plant extracts [13] to organic solvent including thiols and chloroform
[14], and anything in between such as sodium borohydride [15], alcohols [16] or polymers
[17].
Each synthesis method has advantages and disadvantages of its own, but the focus in
this project is to synthesise them without using harsh chemicals in compliance with the
requirements of green chemistry.
1.4 Green Chemistry
Green chemistry is a term introduced and explained by Anastas in 1991 and later defined
into 12 principles [18]:
1. Prevent waste
2. Atom economy
3. Less hazardous chemical synthesis
4. Designing benign chemicals
5. Benign solvents and auxiliaries
6. Design for energy efficiency
7. Use of renewable feedstocks
8. Reduce derivatives
9. Catalysis over stoichiometric
10. Design for degradation
11. Real-time analysis for pollution prevention
12. Inherently benign chemistry for accident prevention
By following these principles the chemistry will result in a safer environment and a
more efficient use of resources.
The idea behind the points 1-6 are that it is better to prevent waste than treat and
clean up whatever waste have been created. Synthetic methods should incorporate as much
of the used material into the final product as possible. During synthesis the chemicals used
or created should have little toxicity towards the environment or human health. This also
means that new chemical products should be designed to minimize toxicity. The use of
organic solvents and auxiliaries should be avoided whenever possible, or be as harmless as
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possible when used. The energy used should be minimized and if possible the synthesis
should be done at room temperature.
The points 7-10 consider that a material should preferably be renewable rather than
depleted. The use of blocking groups, protectors or temporary modifications should be
avoided as they add more reagents and thereby more waste. Catalytic reagents are superior
to stoichiometric reagents. At the end of use, all substances should degrade to harmless
products which do not persist in nature. The last two points, 11 and 12, are about inventing
methods for direct monitoring and minimizing the potential for accidents.
Green chemistry has since the late 90’ies been adopted by many, or at least used in the
title of many research papers [19].
To comply with the principles of green chemistry this project will not use any of the
many synthesis methods of nanoparticles which involve harsh organic solvents, but use
water-based synthesis with a minimum of waste. Green chemistry will be a consistent
consideration throughout this project even if when not mentioned.
1.5 Micro- and Nanofabrication
Before the nanocomposite becomes really useful it needs to be structured. Structuring
is done using micro- and nanofabrication, or MEMS technology as it is often called. In
MEMS technology special machinery, environments and processes are used to achieve the
desired result.
First of all very clean and controlled environments are needed as a single particle
contamination can easily destroy whatever device is being manufactured due to the very
small sizes involved.
To get an idea of the scale in which these processes are taken place a good place to
start is always to look how far Intel has come with their processors. Some of the newest
processors from Intel have dimensions of only 22 nm [20] which will then easily be affected,
or in fact be rendered useless, by a dust particle landing on the structure. A dust particle
can be anywhere in the size of 0.5 µm to 10 µm [21] which is even for the small particles
more than 20 times larger than the structures.
To avoid dust and many other particles such as pollen (sizes of several micrometre [22])
or bacteria (sizes from 0.5 µm to several hundred micrometres) a cleanroom is needed.
A cleanroom can basically be described as a closed sealed room equipped with HEPA
filters (High-Efficiency Particulate Air) to remove most particles from the air going into
the room. Depending on the amount particles in a cubic meter of air the cleanroom can
then be classified by the ISO 14644-1 standard ranging from the best (ISO 1) with only
ten particles of a size equal to or greater than 0.1 µm to ISO 9 corresponding to room air,
where the maximum amount of particles of 0.1 µm or greater is one billion.
Besides the many filters to get very clean air, a cleanroom is also equipped with a lot of
specialised equipment such as high temperature furnaces, reactive ion etchers or electron
beam writers to accommodate the different requirements within growth and etching of
materials needed for MEMS technology.
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When both the environment and the advanced processes on specialised equipment is
in place, everything can come together making it possible to fabricate these very small
structures which many do not know, or tend to forget, make up an integral part of our
everyday life.
One of the very important steps within micro- and nanofabrication is photolithography
in which photons are used to define the structures needed. A similar method which uses
electrons instead of photons can also be used for extremely small structures. This is called
e-beam lithography. The important parameter for these processes is the minimum feature
size.
The minimum feature size is the smallest structure which can be made using pho-
tolithography and is directly proportional to the wavelength of the used light. In standard
photolithography the light source will be a mercury lamp used together with a filter to
get the spectral line at 365 nm, but you can also get more advanced commercial systems
which uses deep UV at for instance 248 nm, while extreme UV at 13.5 nm is currently
under development.
In this Ph.D. project standard photolithography at 365 nm is used, meaning that any
mentioning of UV lithography refers to this 365 nm wavelength processing.
The UV lithography process is a very crucial part of this Ph.D. as new materials for
micro- and nanofabrication should be developed and these will be kind of useless if it is then
not possible to structure them with the available standard processes. The UV lithography
process is thoroughly described in chapter 7 where each step involved is explained in details.
The detailed description of UV lithography also includes another important step called
spin coating in which the photoresist is deposited on the substrate and the film thickness
defined. The film thickness is also a parameter that controls the minimum feature size.
After a successful fabrication the entire device is subjected to some kind of protection
and packaging to ensure that it will still be operational once being removed from the
cleanroom. Before moving onto the actual work of this project some other nanocomposites
will be described.
1.6 Gold Composites
One focus of this project is gold nanocomposites. Gold nanocomposites have been intensely
studied and are interesting within solid-state potentiometric sensors, batteries, supercapac-
itors or catalysis [23].
The surface plasmon resonance peak of gold nanoparticles can be controlled from near
infrared to the visible region by changing the shape and structure. This could typically be
nanospheres, nanorods, nanoshells and nanocages [24]. Gold nanoparticles are also good
for delivery of protein-based drugs as they can carry multiple active groups [25].
Gold nanocomposites have been used for fabricating films for plasmonic biosensing [26]
holographic gratings [27] or to increase biocompatibility [28].
Gold nanocomposite preparation is normally categorised into three different methods;
direct-synthesis, graft-to and graft-from [29]. All of which thiol groups play an important
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factor in stabilising and functionalising the gold. Thiol chemistry will be avoided in this
project, which means that other methods will have to be found.
The primary focus of this project is however silver nanocomposites which are also much
more explored.
1.7 Silver Composites
A lot of work has been done through the years on silver composites as they have attracted
great attention due to the antimicrobial effects of silver which have been known for ages
[30].
The antimicrobial effect of silver is not fully understood, but it appears that although
silver nanoparticles plays a role the dominant part is the silver ions [31]. The antimicrobial
effect of silver has also meant that it has found its way into socks and textiles [32], but
also many other consumer products, which raises a concern about cytotoxic and genotoxic
effects should the concentration in the environment become too great [30].
There are numerous examples of different methods to make silver-polymer nanocom-
posites for anti-microbial purposes [33] and many applications for those as well. These
applications could be within controlling biofouling in membranes for water purification
[34] or for indwelling devices [35].
An effect of silver nanoparticle composites could be the one described by Lischer et al.
[36]. They have an antibacterial burst of silver cations within the first day, after which
cells can start to grow on the device. This could be very suitable for implant where you
want to avoid bacterial infections in the beginning, but allow tissue cells to attach later
on. It is however not very useful for something like water purification where you would
want a constant suppression of bacterial growth.
Although not really a composite Shirwaiker et al. [37] have made an interesting design
consisting of interdigitated areas of silver and an isolating polymer which could be used
for water purification purposes. This design applies a constant voltage, but will only have
a current running once a bacterium short-circuits a silver anode and cathode, killing the
bacteria in the process. A schematic of the principle can be seen in Figure 1.1.
Besides the many antimicrobial applications of silver nanocomposites other applications
can also be found.
A nanocomposite consisting of epoxy and silver nanoparticles can yield a dielectrics with
high dielectric constants above 100 at low frequencies [38], some have even managed to get
dielectric constants above 1000 even at high frequencies [39]. High dielectric constants are
very interesting for making for instance super capacitors.
Conductive silver nanocomposites can be used for methanol sensing [40], oxygen reduc-
tion by nanocomposite silver-ion exchanger [41], plasmonic coupling [42] or as a catalyst
in reduction of for instance Rhodamine 6G [43].
It should therefore be clear that silver nanoparticles and composites are intensely stud-
ied, but also very interesting. Functional silver nanocomposites are also the main goal
within this Ph.D. because it can be used within such a large range of applications. These
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Figure 1.1 – (a) three-dimensional view of silver electrode. (b) Cross-sectional view
of electrically activated silver-polymer electrode [37].
applications can utilise the antibiotic effect [44, 31], the optical and plasmonic properties
[45, 46] or the electrical conductivity [47]. For both the gold and silver nanocomposites a
requirement is that they can be easily structured, which requires the polymer matrix to be
a photoresist.
1.8 SU-8
The final use of the composite is very important while choosing the polymer, as different
applications requires different properties. At the same time the possibilities of manipula-
tion during fabrication also needs to be considered as the total process is very different
depending on the chosen material. As this thesis is about new materials for micro- and
nanofabrication, the processing capabilities have been the main focus while choosing the
polymer. As UV lithography is the main method for structuring within MEMS technology
the chosen polymer has to be a photoresist.
SU-8 was chosen as the initial photoresist as it is one which has gathered a lot of
knowledge through the years at DTU Nanotech and DTU Danchip where the cleanroom
work has been performed. SU-8 is an epoxy based photoresist and was invented by IBM
in the late 80’ies. It is an interesting polymer as it has properties making it useful for
many different applications. Being a photoresist it can be structured using standard UV
lithographic processes, but unlike many other photoresists it is epoxy-based and hence
much more durable once hardened and can therefore be used as a free standing structure
in itself [48]. It is at the same time transparent in the visible wavelength range [49] making
it suitable for optical components and it is also a biocompatible material meaning that it
can be used for biological applications [50].
SU-8 is based on the EPONTM SU-8 epoxy resin which has the structure sketched in
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Figure 1.2 – A schematic of the SU-8 epoxy resin. One of the eight epoxy groups has
been marked.
Figure 1.3 – The chemical structure
of γ-butyrolactone used as solvent in
the original formulations of SU-8.
Figure 1.4 – The chemical structure
of cyclopentanone used as solvent in
the SU-8 2000 series which is pre-
ferred due to higher process through-
put.
Figure 1.2.
SU-8 can be obtained containing two different solvents; γ-butyrolactone or cyclopen-
tanone, where the one in cyclopentanone is generally recommended due to its improved
capabilities regarding; drying and coating quality compared to the one in γ-butyrolactone
[51]. One of the main differences between these two solvents, which are relevant for this
project, is that γ-butyrolactone is miscible with ethanol while cyclopentanone is not. None
of the two solvents are miscible with water although very small amounts can be dissolved
in γ-butyrolactone.
The structure of γ-butyrolactone and cyclopentanone can be seen in Figure 1.3 and
Figure 1.4 respectively.
The SU-8 also contains small amounts, 1-5 %, of a mixture between triarylsulfonium-
and hexaflourantimonate salts. The salts act as a photo initiator creating a Lewis acid
when exposed to UV-light. The Lewis acid then initiates the cross-linking of the epoxy.
As will be mentioned in section 1.9, SU-8 has previously been used in combination with
silver nanoparticles to make conductive photoresists, but with several difficulties. One of
9
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Table 1.1 – The ingredients of SU-8 vary between formulation and within batches of
the same formulations, but should lie within the boundaries given in this table.
Chemical SU-8 SU-8 2000
EPONTM SU-8 epoxy resin 35–75 % 3–75 %
γ-butyrolactone 22–60 % -
Cyclopentanone - 15–96 %
Propylene carbonate 1–5 % 0.1–5 %
Triarylsulfonium salt 1.9–3.0 %1 0.25–2.5 %
Hexafluorantimonate salt 1.9–3.0 %1 0.05–2.5 %
the goals will therefore be to make a very simple process with both acceptable resolution
and adhesion to the surface while being able to spin coat the resist.
SU-8 is a complex material consisting of several ingredients. The ingredients for the
SU-8 2000 series are as follows.
• The precursor for the EPONTM SU-8 epoxy resin: 2-(chloromethyl)oxirane; formalde-
hyde; 4-[1-(4-hydroxyphenyl)-1-methyl-ethyl]phenol (CAS: 28906-96-9)
• Cyclopentanone (CAS: 120-92-3)
• Propylene carbonate (CAS: 108-32-7)
• Bis[4-(diphenylsulfonio)phenyl]sulfide bis(hexafluoroantimonate) (CAS: 89452-37-9)
• Diphenyl(4-(phenylthio)phenyl)sulfonium hexafluoroantimonate (CAS: 71449-78-0)
The first complex chemical is the epoxy resin precursor, while the cyclopentanone is the
solvent. The two salts are used for initiating the cross linking as they form Lewis acids
when exposed to UV light. The last ingredient, propylene carbonate, is the solvent for the
salts.
The original formulations of SU-8 contains the same ingredients, but instead of cy-
clopentanone the solvent is instead γ-butyrolactone.
The amount of each chemical changes between the different formulations of SU-8. Ta-
ble 1.1 gives the boundaries between which the chemicals are varying. Small variations are
also found between batches of what should be identical formulations of SU-8. The differ-
ent SU-8 formulations also results in different viscosities and densities. The properties of
the most commonly used SU-8’s and the variation in solid content is given in Table 1.2.
The table shows some of the formulations of SU-8 available. SU-8 2 and SU-8 2002 have
been highlighted as these are the two formulations used in this project. The common final
designation of 2 should make them comparable, but there are differences besides the main
solvent. Both formulations contain a low, but not identical, epoxy amount. The low epoxy
1Only the combined total amount of the Triarylsulfonium and Hexafluorantimonate salts are given.
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Table 1.2 – Table of properties for the SU-8 series and SU-8 2000 series resists gath-
ered from several sources [51, 52, 53, 54]. The two highlighted formulations are those
used in this project.
SU-8 % solids Viscosity [cSt] Density [g/ml]
2 39.5 45 1.123
5 50–55 290 1.164
10 60–65 1050 1.187
25 60–65 2500 1.200
2000.5 10–15 2.49 1.070
2002 25–30 7.5 1.123
2005 45–50 45 1.164
2007 50–55 140 1.175
2010 55–60 380 1.187
2015 60–65 1250 1.200
amount formulations are chosen for the possibility to achieve higher particle loadings in
the final composite. The formulations have identical densities, but vary in viscosity which
is an important parameter during spin coating.
The stated solid content approximately corresponds to the amount of epoxy resin in
the SU-8. For the used SU-8 2002 resist the goal was, as stated by the manufacturer, 29 %
epoxy resin, but ended up being 29.7 % as shown in the certificate of analysis given in
appendix A.
As should be clear the SU-8 is a complex chemical and the processing of it even more
complex. SU-8 has also been the subject of thorough studies, which means that more
information about SU-8 and how to process it can be found [55, 56].
1.9 SU-8 Composites
SU-8 has been used by others in their attempts to make nanocomposites with varying
functionalities. The use of metallic nanoparticles have been used for making conductive
composites [57, 58, 59], but with some difficulties. They used pre-synthesised nanoparticles
which are mixed with SU-8, but had problems with spin coating as nanoparticles in a liquid
significantly change the rheological properties of the mixture [60, 61]. As spin coating was
impossible, a scraper was used for deposition instead, which puts a limit on how thin the
resist film can be made. At the same time adhesion problems between the polymer and the
substrate also forced Jiguet et al. [62] to do backside exposure where the UV light is shined
through the wafer in comparison to standard lithography where the light is shined directly
on the photoresist. This backside exposure also limits the substrates which can be used
as it should be transparent at the used wavelength. This means that silicon which is by
far the most used substrate within MEMS technology cannot be used in this case. Fused
11
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Figure 1.5 – A sketch of the problems with UV exposure through the backside of a sub-
strate. Although adhesion to the surface is ensured the absorption and shadowing effect
of the nanoparticles will result in a surface with a very high surface roughness after
development. The blue part symbolises a fused quartz wafer, the grey spots nanoparti-
cles and the yellow part cross-linked polymer. The nanoparticles results in an uneven
removal of the polymer.
silica can be used as an alternative, but this significantly reduces the possible applications.
The problem with adhesion between substrate and photoresist is actually due to a lack
of polymerisation during the UV exposure. A lack of polymerisation of the lower layers
results in the complete removal of the photoresist during development. If the photoresist
in direct contact with the supporting surface is not cross-linked it will be removed during
the development, resulting in the detachment of also the cross-linked polymer. The lack of
polymerisation comes from absorption and shadowing by the nanoparticles which prevents
the lower layers of the polymer to be cross-linked.
The lack of lower layer polymerisation is the reason for using backside exposure as
they thereby ensure that the polymer at the substrate surface is cross-linked. This does
not only limit the number of usable substrates, but also results in a surface roughness of
the final nanocomposite. This is due to uncross-linked areas on top of the nanocomposite
which will now be removed. The problem of missing cross-linking has just been moved
from the bottom to the top. The principle of the rough surface due to photoresist above
the nanoparticles being removed is sketched in Figure 1.5.
For SU-8 composites containing gold or silver nanoparticles, those containing silver
nanoparticles are the most studied. More SU-8 nanocomposites can, however, be found
involving other materials. These includes barium titanate embedded capacitors [63], low
stress SU-8 with silica particles [64], titanium oxide composites for acoustic matching in
lab-on-chip systems [65], or general improvement of the tribological behaviour [66].
These are just some of the applications in which SU-8 has been used, many more
including thermal conductivity can be found [67].
1.10 Work Outline
The conducted work in this project features several tracks which have been pursued. These
tracks will be explained here to give a better overview of the total work involved which
can otherwise seem quite comprehensive. The total work flow is schematically presented
in Figure 1.6.
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CHAPTER 1. INTRODUCTION
The overall goal is to make SU-8 composites for use in micro- and nanofabrication.
The focus is metal nanocomposites, where gold and silver are the preferred materials for
nanoparticles. Experiments have therefore been done in parallel with one part focusing on
gold and one part focusing on silver.
The first branch of both gold and silver is what is called the ex situ route. This means
that nanoparticles are synthesised following standard protocols and later mixed with SU-8.
One protocol has been used for gold nanoparticles while two protocols for silver nanoparticle
synthesis have been explored.
In the ex situ branch the first of both gold and silver is called post grafting, which means
that the after synthesis the nanoparticles are coated with a polymer to increase the colloid
stability and enhance transferring between solvents. Post grafting has been tried with
two different polymers poly(vinyl pyrrolidone/vinyl acetate) (PVP/VA) and poly(vinyl
alcohol-co-vinyl acetate) containing carboxylic groups (PVA-COOH). PVA-COOH turns
out to not be compatible with SU-8 resulting in a dead end. PVP/VA can in some extent
be used for making a SU-8 gold composite, but cannot be used for a SU-8 silver composite.
Stepping back to ex situ a second branch called pre grafting was followed. Pre graft-
ing means that the stabilising polymer (PVP/VA) is present during the synthesis of the
nanoparticles. This branch results in a functional SU-8 gold nanocomposite, but did not
give any reproducible results regarding a SU-8 silver nanocomposite.
Stepping back to gold and silver in the work flow a second branch called in situ has
been explored. In situ means that the nanoparticles are not pre synthesised, but that the
metal precursor is instead mixed directly with SU-8 and the nanoparticles then formed
later inside the polymer matrix. The in situ method does work to some extent for the gold
nanocomposite. For the in situ silver nanocomposite further branching is done.
Two different formulations of SU-8 have been tried for the in situ silver nanocomposite,
namely SU-8 2002 and SU-8 2. The SU-8 2 protocol was found to result in a functional
nanocomposite, while the SU-8 2002 protocol branches out further.
For the SU-8 2002 silver nanocomposite two different co-solvents have been tested
namely DMSO and acetonitrile. The DMSO branch has not led to any good results, while
the acetonitrile branch resulted in a functional SU-8 silver nanocomposite.
In total nine different routes have been explored resulting in four not preferred routes
of which one is a dead end. Three routes resulted in functional nanocomposites, namely
one gold nanocomposite and two working silver nanocomposites. For the remaining two
routes nanocomposites have been obtained, but not of sufficiently high quality.
The work has been performed both in a DTU Nanotech lab as well as inside the DTU
Danchip cleanroom.
1.11 Sum-Up
This chapter has given a very brief introduction to the subject of this Ph.D. as well as
explaining nanocomposites, nanoparticles, the principles of green chemistry and micro-
and nanofabrication. An overview some gold and silver composites were given followed by
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composites involving SU-8. Silver nanoparticles are the most interesting and a glimpse of
their countless uses has been supplied.
This thesis will describe the making of new materials useful for some of the mentioned
applications. Description on nanoparticle synthesis and nanocomposite fabrication will
be given as well as the encountered challenges. The problems described in section 1.9
which have limited the use of silver SU-8 nanocomposites so far will be solved during the
remainder of this work.
An outline of the total work performed was also given.
1.12 Thesis Outline
The first part of this thesis will describe how to synthesise nanoparticles and the charac-
terisation of these.
Gold nanoparticles are explained in chapter 2 and silver nanoparticles in chapter 3.
Afterwards the process of stabilising the nanoparticles and transferring them into organic
solvents are explained in chapter 4.
The second part of this thesis focusses on the nanocomposites. Chapter 5 describes
how the synthesised nanoparticles can be used to make a ex situ nanocomposites before a
new developed in situ processes for nanocomposite fabrication are described in chapter 6.
Chapter 7 describes the process optimisation done at DTU Danchip. UV lithogra-
phy is thoroughly explained and the challenges encountered towards a functional protocol
documented.
Chapter 8 briefly describes the work done on conductive composites and compares these
to commercially available composites.
In the end everything is summarised and concluded on in chapter 9 before chapter 10
provides suggestions on things which have to be done to move forward with the nanocom-
posites.
appendix B explains materials and methods for all nanoparticle synthesis and polymer
stabilisation, while appendix C contains the obtained process flow to be used within the
DTU Danchip cleanroom.
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Part I
Nanoparticles
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Chapter 2
Gold Nanoparticles
Gold nanoparticles can easily be synthesised and are stable for long periods of time. These
factors make gold nanoparticles an excellent choice to use as a model system before moving
on to silver or other more complex nanoparticles.
The Turkevich method for synthesizing spherical gold nanoparticles was established in
1951 by Turkevich et al. [68] and has since then been used intensively for the synthesis of
gold nanoparticles. Synthesis does however often follow one of the modified versions as for
instance the one by Frens [69].
The basics are that a dilute aqueous solution of chloroauric acid at boiling temperature
is reduced by citrate ions. The solution becomes supersaturated with sub-nanometre neu-
tral gold atoms. The small nanoparticles will act as nucleation sites for other gold atoms
and will start to grow in size. In order for the nanoparticles not to start aggregating, a
stabilising agent will also have to be present. In the Turkevich method the stabilising agent
is citrate ions which are electrostatic attracted to the surface of the particles.
The size of the nanoparticles can within some boundaries be controlled by the amount
of reducing-/stabilising agent. Higher concentrations of sodium citrate will result in smaller
particles. This is due to the stabilising process being the limiting factor, such that high
concentration of citrate ions allow this process to happen faster compared to the reduction.
2.1 Synthesis
A slightly modified version of the gold nanoparticle synthesis method has been used during
this project. The result is extremely stable nanoparticles with very little deviation in the
average particle diameter between batches.
HAuCl4 · 3H2O ≥99,9 % and Na3C6H5O7 · 2H2O ≥99 % was bought from Sigma
Aldrich. Milli-Q water with a resistivity of 18.2 MΩ cm was used for all solutions.
The procedure is as follows:
1. 45 ml of 0.2 % weight to volume HAuCl4 is added to a 500 ml round bottomed flask.
2. 155 ml of Milli-Q water is added to the flask to dilute the solution.
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3. The flask is fitted with a reflux condenser and the solution heated to reflux with
vigorous stirring.
4. 5 ml of preheated 5 % weight to volume sodium citrate is added to the boiling solution
of HAuCl4.
5. The colour changes from colourless through black to wine red in a couple of minutes.
6. The solution is left with stirring and heating for at least 15 min before being cooled
to room temperature.
If complete reduction is assumed the theoretical concentration of gold is 0.22 mg/ml.
If contaminants are avoided the particles will be stable almost indefinitely, no sign of
agglomerations can be seen at least three years after synthesis.
2.2 Particle Characterisation
The synthesised particles are characterised such that the exact size is known and the as-
sumed spherical shape confirmed. This is done with plasmonic absorption measurements
using a UV-Vis spectrophotometer, and by looking at the particles in a transmission elec-
tron microscope (TEM).
2.2.1 Particle Diameter
For gold nanoparticles the diameter of the particles can be estimated from the plasmonic
absorbance peak by the formula [70]:
D = Σ3n=0An(λmax − 500)n, (2.1)
where λmax is the wavelength of the maximum absorption, and An is a summation coeffi-
cient. The values of An are A0 = 12.558, A1 = −2.593, A2 = 0.1921 and A3 = −0.00253.
A typical value for λmax could be 524 nm which according to the formula means that the
nanoparticles are 26 nm in diameter.
This equation for estimating the particle diameter is, however, limited to a certain
range and can only be expected to give somewhat reasonable results for a λmax between
518 nm and 536 nm. This corresponds to a particle diameter between 13 nm and 50 nm.
2.2.2 Absorption Measurements
The plasmonic absorption of the synthesised particles is measured using a Shimadzu UV-
2600 spectrophotometer. The absorption measurements can then be used to estimate the
diameter using equation 2.1 and to see variations between each synthesis.
Measurements are made and displayed from 350 nm to 650 nm as this is the interesting
area. At lower wavelengths there is a very large absorption by the used cuvettes and at
higher wavelengths the measurements tend towards zero.
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Figure 2.1 – A typical absorption spectrum
of gold nanoparticles synthesized by a mod-
ified Turkevich method. The absorption at
522.5 nm indicates an average particle di-
ameter around 22-23 nm.
Figure 2.2 – TEM image of
a gold nanoparticle synthesized
using the modified Turkevich
method. The diameter of the
particle is around 23 nm and
the particle is seen to be spher-
ical.
A typical absorption measurement for gold nanoparticles is shown in Figure 2.1.
The displayed absorption spectrum of a gold nanoparticle batch shows a very distinct
absorption peak at 522.5 nm. Other batches show values ranging from 518 nm to 523 nm,
but with a clear majority of absorption maxima at around 522 nm, which is equivalent to
a particle diameter of 21.5 nm according to equation 2.1.
To confirm the estimated diameter as well as the shape of the particles a Technai T20 G2
TEM was used to analyse the particles. Figure 2.2 shows the image of a single particle.
The measured diameter of 23 nm from the TEM image agrees very well with the
expected diameter from the absorption measurement in Figure 2.1 confirming the validity
of equation 2.1. The difference in size is well within the uncertainty as the measurement
interval for the absorption measurements is 0.5 nm. At the same time the high resolution
TEM image also shows that the particle is spherical as expected, and the crystal planes
are even seen.
With the gold nanoparticles working as expected it is time to move on with silver
nanoparticles.
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Chapter 3
Silver Nanoparticles
Silver nanoparticles should also be easy to synthesise with good stability. Many different
methods for synthesising silver are being used in contrary to gold where the Turkevich
method is by far the most used. Two different methods have been tested in this project
to find the best one regarding nanoparticle concentration, nanoparticle size and size dis-
tribution.
3.1 Synthesis – Sodium Borohydride
A well-established method for making stable silver nanoparticles has been well described
by Mulfinger et al. [71], but can at least be traced back to Creighton et al. [72]. A similar
method has also been used by Lee and Meisel [73].
The process involves using ice cold sodium borohydride as reductant for silver nitrate.
The silver nitrate is added drop wise under vigorously stirring to ensure a complete and
homogeneous reaction.
The reaction can be described as follows [71].
AgNO3 + NaBH4 → Ag +
1
2
H2 +
1
2
B2H6 + NaNO3 (3.1)
This process generates particles of around 12 nm in diameter. The particles are sta-
bilised by borohydride ions as shown in Figure 3.1. This method is a good way to create
stable silver nanoparticles with small standard deviations from the average diameter. The
individual concentrations of the reagents must however be precisely controlled as a change
in concentration ratio between sodium borohydride and silver nitrate will result in unstable
particles. Using room temperature sodium borohydride or adding the silver nitrate too fast
will also affect the reaction.
It is also important that the stirring is stopped after the addition of all the silver nitrate.
Continuously stirring will result in further particle growth or agglomeration [49].
AgNO3 ≥99.0 % and NaBH4 ≥98.0 % was bought from Sigma Aldrich. All solutions
was prepared using milli-Q water with a resistivity of 18.2 MΩ cm.
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Figure 3.1 – Image showing how silver nanoparticles are formed and stabilised by
borohydride ions [71].
The exact procedure followed in this work was:
1. 30 ml of 2.0 mM NaBH4 in water is chilled in an ice bath.
2. 10 ml of 1.0 mM AgNO3 in water is added drop wise at roughly one drop pr. second,
under vigorously stirring.
3. The addition takes around 3 min after which the stirring is stopped.
If complete reduction is assumed the concentration of silver nanoparticles will be 27 µg/ml
or roughly a factor of ten less than for gold.
An excess of sodium borohydride compared to silver nitrate is needed as it is both used
as a reducing agent as well as a stabilising agent. When using a 1.0 mM AgNO3 solution
the initial concentration of sodium borohydride must be twice that of silver nitrate or a
product breakdown will occur within half an hour [71].
3.1.1 Particle Characterisation
As with the gold nanoparticles these silver nanoparticles are examined using the spec-
trophotometer and the TEM. No formula has been derived which can estimate the particle
diameter from the absorption maximum, but some ranges can be found from for instance
Kamat et al. [74]. An absorption spectrum for a batch of these silver nanoparticles can be
seen in Figure 3.2.
The absorption spectrum is similar to what could be expected by looking in the lit-
erature [72, 73] and according to Mulfinger et al. [71] the particle size should lie between
10 nm and 14 nm. To confirm this TEM images like the one shown in Figure 3.3 was taken
to find the size.
The found particle diameters agree well with the expected values although particles
above and below the mentioned size can be found. The size distribution between the silver
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Figure 3.2 – A typical absorption spectrum
of silver nanoparticles synthesized following
the approach of Mulfinger et al. [71]. The
absorption max at 396.5 nm agrees well
with literature.
Figure 3.3 – TEM image
of silver nanoparticles synthe-
sized following the approach of
Mulfinger et al. [71]. The di-
ameter of the particles varies
between 7 nm and 15 nm
with the majority lying between
11 nm and 14 nm.
nanoparticles is larger than what was found for the gold nanoparticles, and the variations
between syntheses are also larger. Absorption maxima for silver nanoparticles synthesised
using this method have varied between 394 nm and 413 nm.
The particles are very stable as no sign of agglomeration or sedimentation can be seen
after three years storage in plastic centrifuge tubes.
3.2 Synthesis – Giuffrida Method
A different method of producing stable silver nanoparticles is to use argon saturated water
and silver acetylacetonate (Ag(acac)) according to Giuffrida et al. [75]. This process results
in silver nanoparticles without any specific surface coating for stabilisation. The particles
are dependent on a high zeta potential to keep the particles from agglomerating.
The reaction scheme is assumed to be as shown in Figure 3.4. This method is extremely
suitable when considering green chemistry as no reducers or stabilisers are used and the
only solvent necessary is water. The disadvantage with this synthesis method is, however,
that the result will be larger particles with a very broad size distribution.
It is also expected that the lack of an initial stabiliser will result in less stable particles
should they be exposed to further stimulants.
C5H7AgO2 98 % was bought from Sigma Aldrich.
The exact procedure is:
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Figure 3.4 – The probable reaction between Ag(acac) and argon saturated water. Sil-
ver, hydrogen peroxide and Hacac are the products [75].
1. 200 ml of Milli-Q water is saturated with Argon in a gas washing bottle.
2. 10 mg of Ag(acac) is added to the water and dissolved using a magnetic stirrer.
3. Stirring is stopped and the mixture is left to react for a couple of hours at room
temperature.
With this method the theoretical maximum concentration of silver is 26 µg/ml which is
almost the same as for the sodium borohydride reduction.
3.2.1 Particle Characterisation
As before the particles are investigated using both UV-Vis spectroscopy and TEM. The
absorption spectrum for a single batch of particles can be seen in Figure 3.5.
The larger wavelength for the absorption maximum indicates larger particles and from
Kamat et al. [74] the particle size could be expected to be as large as 35-50 nm. This
peak is also wider than the one from Figure 3.2 indicating a larger size distribution. The
particles are investigated using TEM to find the exact size and get an idea about the size
distribution. A representable image for nanoparticles synthesised using this method can
be seen in Figure 3.6.
The TEM image shows that particles around 25 nm are found, which is also the average
particle size reported by Giuffrida et al. [75]. At the same time many small particles down
to 3 nm can easily be seen, showing that there is a wide size distribution.
Considering that the nanoparticle concentration is basically the same with the two
methods, and that the size distribution is much smaller following the approach of Mulfinger
et al. the Giuffrida method is not preferred, but both are tested for coating and stability.
The advantages of the Giuffrida method is the scalability of the process as more can be
produced without altering the process.
These particles are also very stable as no sign of agglomeration or sedimentation can
be seen after three years storage in plastic centrifuge tubes.
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Figure 3.5 – A typical absorption spec-
trum of silver nanoparticles synthesised us-
ing the Giuffrida method. The absorption
maximum at 423 nm is around the expected
value
Figure 3.6 – TEM image
of silver nanoparticles syn-
thesised using the Giuffrida
method. Two large particles of
around 25 nm can be seen, but
also many small ones of less
than 10 nm in diameter.
3.3 Nanoparticle Sum-Up
As described in chapter 2 gold nanoparticles stabilised by citrate ions have been synthe-
sised. This chapter has then explained the synthesis of silver nanoparticles stabilised by
borohydride ions as well as a synthesis where the silver nanoparticles are stabilised by a
high zeta potential. All methods are functional and with long time stability of at least
three years.
The Giuffrida method does however result in a larger size distribution which is not an
advantage as this result in a wider absorption peak.
The colloidal suspensions of both gold and silver nanoparticles will be designated with
the term sol from physical chemistry. This is done for easy distinguishing between colloidal
suspensions and other solution.
The synthesised nanoparticle sols are either stabilised by inorganic ligands, high zeta
potentials or a combination of both. To be transferred into SU-8 and maintain a homo-
geneous particle distribution additional coating with organic ligands need to be applied.
This creates stable core-shell particles which can form stable colloid suspensions in organic
solvents compatible with SU-8. All this will be explained in the next chapter.
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Chapter 4
Particle Coating, Solvent Exchange
and Colloidal Stability
The nanoparticles have been synthesised and are very stable in water as found in the
previous chapters. They do however need to be transferred from water into SU-8 before a
nanocomposite can be made.
The primary choice has been made to transfer the particles into cyclopentanone the
solvent of SU-8 2002, but other solvents compatible with SU-8 can be used as well. To
accommodate the transfer the nanoparticles are first coated with a polymer as this both
increases colloidal stability, but also ease the transfer due to clever selection of the poly-
mer. Organic biocompatible polymers were chosen to ensure stable suspensions of the
nanoparticles in organic solvents while keeping the toxicity low at the same time.
4.1 Coating of Nanoparticles
By exchanging the inorganic stabilizing agents with organic polymers it should be possible
to transfer the nanoparticles into almost any solvent. The polymers should be compatible
with both water and organic solvents, while maintaining an affinity towards the nanopar-
ticles.
Diblock copolymers with a hydrophilic and a hydrophobic block should accommodate
this demand, and diblock copolymers are often used as stabilisers for nanoparticles [76].
Many methods have utilized some form of thiol functionalized organics as these readily
attach to gold surfaces [77]. As described in section 1.4 the goal is however to follow the
principles of green chemistry and us chemicals with as little toxicity as possible. No thiol
functionalized polymers will therefore be used.
Instead polyvinylpyrrolidone (PVP) will be used as the basic polymer, as PVP is a well-
known stabiliser for gold nanoparticles. In a former project regarding gold nanoparticles
[78] the block co-polymer PVP/VA was chosen as the stabilising polymer. This polymer
was chosen because of the mentioned stabilising effect of PVP, while polyvinyl acetate
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(PVA) ensures that the transfer into organic solvents can be accommodated. PVP/VA is
biological friendly and an approved substance for cosmetic products.
A second polymer, PVA-COOH, has also been used for these experiments as the poly-
mer in another project in the group has shown to be a good stabiliser for zero valent nano
iron.
While the initial stabilising ions ensure electrostatic repulsion adsorption of polymers
on the surface results in a more stable steric stability instead. Another big advantage of
stabilising the nanoparticles by using polymers is the possibility of functionalization such
that the nanoparticles can be used in an even larger variety of applications. The diversity
of applications can be seen by looking at the thematic series from Ritter [79].
Two different methods for coating the particles have been applied in this project. The
first method is called post grafting where the synthesised nanoparticles from chapter 2 and
chapter 3 after synthesis are coated with the polymer. The second method is called pre
grafting and involves the polymer being present during synthesis, which will change the
protocols.
Post grafting will be described first.
4.1.1 Post Grafting
In post grafting the polymer is added to the nanoparticle sol after synthesis and then
the entire mixture is shaken to ensure complete polymer coverage. The post grafting is
used due to zero influence from the polymer during synthesis. The downside is the risk of
incomplete covering due to bad ligand exchange or insufficient shaking.
Gold Nanoparticles
Gold nanoparticles synthesised as described in section 2.1 are used for the post grafting
method.
Luviskol R© VA 64 (PVP/VA) was kindly gifted from BASF and Poval (PVA-COOH)
acquired from Kuraray.
First stock solutions are made by dissolving the polymers in water. For PVP/VA
the stock solutions contains 100 mg/ml while the PVA-COOH stock solution contains
10 mg/ml.
The process for coating the nanoparticles with PVP/VA was the following.
1. 350 µl of 100 mg/ml of PVP/VA in water is added to 10 ml of gold nanoparticle sol.
2. The nanoparticle sol and polymer mixture is placed on a shaker and shaken for several
hours, preferably overnight.
This amount of added polymer results in a polymer to particle weight ratio of 16:1.
The long shaking should ensure complete coverage of all the nanoparticles.
For PVA-COOH the process is slightly different due to the concentration of the stock
solution being lower. To have the same polymer to particle ratio the procedure was as
follows.
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1. 3.5 ml of 10 mg/ml of PVA-COOH in water is added to 10 ml of gold nanoparticle
sol.
2. The nanoparticle sol and polymer mixture is placed on a shaker and shaken for several
hours, preferably overnight.
As the concentration of the polymer in the stock solution is not identical more water
is added in the latter case diluting the sol. This should not be of any concern as equal
nanoparticle concentrations should be obtainable after the solvent exchange.
It was later found during the transfer of the particles into cyclopentanone that PVA-
COOH forms a gel when in contact with cyclopentanone. This means that PVA-COOH
is not compatible with SU-8 and leads to a dead end. For silver nanoparticles the only
polymer tested was therefore PVP/VA.
Silver Nanoparticles
Two different synthesis methods of silver, those from section 3.1 and section 3.2, where
used for the post grafting procedure. It is known that PVP easily reduces silver due to the
lone pair electrons of PVP [80]. This should in principle be a good thing as the polymer
will then ensure that the silver does not oxidise. It is, however, unknown whether this
affects the stability of the nanoparticles negatively of positively. Remaining by-products
from the synthesis have not been removed and these could also influence the coating.
A series of experiments is therefore conducted in which the amount of polymer is
changed. For all experiments a stock solution containing 100 mg/ml of PVP/VA in water
is used. The general process used is as follows.
1. An amount of 100 mg/ml of PVP/VA in water is added to 1 ml of silver nanoparticle
sol.
2. The nanoparticle sol and polymer mixture is placed on a shaker and shaken for several
hours, preferably overnight.
The amount of polymer solution added to the nanoparticle sol varies from 5 µl to
1000 µl. Between 50 µl added polymer solution and up to the final added amount of
1000 µl, the difference between samples is 50 µl added polymer solution. Below a total
added amount of 50 µl polymer solution, the difference between samples is 5 µl added
polymer solution.
After being shaken the nanoparticles are left for the next day (∼20 h) and visually
inspected. Due to the colour of the nanoparticles any significant change should be easily
seen. The result is summarised in Table 4.1.
As seen from the table the nanoparticles synthesised following the Mulfinger procedure
is stable as long as the added amount of polymer does not increase above 200 µl while the
Giuffrida particles are only stable until 45 µl added polymer solution. An increase above
these values first results in a colour difference from yellow to orange, which appears to be
stable agglomerates, while further addition results in large agglomerates and precipitation.
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Table 4.1 – Table showing the effect on colloidal stability when adding varying amounts
of 100 mg/ml PVP/VA solution in water to 1 ml of two different silver nanoparticle
sols. The added polymer solution amount varies with 50 µl except below 50 µl added
polymer solution as the variation between samples are only 5 µl in this case. The
samples are visually inspected one day after coating.
Added polymer [µl] Mulfinger procedure Giuffrida method
0-45 Stable Stable
50-200 Stable Colour difference observed
250-300 Colour difference observed Unstable
300-1000 Unstable Unstable
Storage for several weeks did not result in any change. The conclusion is that an increase
in polymer amount results in an increased instability.
It must also be noted that since the concentration of the polymer solution is kept
constant, adding more polymer increases the amount of water, thereby diluting the sol.
From this post grafting experiment the nanoparticles synthesised using the Mulfinger
procedure appears to be the best alternative of the two synthesis methods. As commented
earlier the Mulfinger procedure also results in a smaller size distribution compared to the
Giuffrida method, which was also preferred. The conclusion following this experiment is
therefore to not do any additional work with the particles synthesised using the Giuffrida
method.
If the amount of added polymer solution is chosen to be 10 µl the polymer to particle
weight ratio will be 37:1. This weight ratio is more than double as high as obtained for
the gold nanoparticles, which should also be considered.
4.1.2 Pre Grafting
A different approach in which the stabilising polymer is present during the synthesis has
also been explored. The idea is that this guaranties complete coverage of all particles and
thereby increased stability. This process is called pre grafting.
As the PVA-COOH polymer has already been discarded the only polymer used will
be PVP/VA. The synthesis process will, however, be different as the polymer effects the
formation of nanoparticles.
Coated Gold Nanoparticles
The pre grafting process for gold nanoparticles is based on the Turkevich method from
section 2.1 trying to change as little as possible. The final procedure used is as follows.
1. 15 ml of 0.2 % (w/v) HAuCl4, 15 ml of 10 mg/ml PVP/VA in milli-Q water and 5
ml of milli-Q water is heated to reflux in a 250 ml round bottomed flask.
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Figure 4.1 – TEM image of pre grafted nanoparticles. It can be seen that some
particles are more triangular in shape than spherical. The polymer to particle weight
ratio for this sample is 1:1.
2. 5 ml of preheated 3 % weight to volume sodium citrate is added to the solution.
3. After achieving wine red colour the solution is left with stirring and heating for at
least 15 min before being cooled to room temperature.
The result is very stable gold nanoparticles in a concentration of 0.375 mg/ml if com-
plete reduction is assumed. The polymer to gold ratio is 10:1. No agglomeration of
nanoparticles has been observed after two years of storage.
Some changes, compared to the standard synthesis, have however been observed us-
ing the pre grafting technique. By introducing the polymer during synthesis the process
complexity increases which can result in nanoparticles of different shapes than spherical.
The amount of polymer present during synthesis has an influence although not thoroughly
investigated. Figure 4.1 shows a TEM image of some pre grafted nanoparticles where the
polymer to particle weight ratio is 1:1.
The image shows that although most particles are still spherical and around the same
size, some particles do instead appear to be more triangular in shape.
As written a higher concentration of gold nanoparticles has been achieved with the pre
grafting technique, and the polymer to particle weight ratio has been reduced compared
to post grafting as well. This point towards pre grafting being preferable to post grafting.
The polymer does however affect the synthesis resulting in some particles with a triangular
shape instead of spherical.
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Coated Silver Nanoparticles
A pre grafting method has also been developed for silver nanoparticles. The process is
developed by a bachelor student in the group under co-supervision.
All the syntheses so far have been done in water to keep the toxicity low. This process
is however done ethanol instead. Ethanol is not considered a toxic (unless you drink too
much) so the principles of green chemistry are still followed.
The basis for this procedure has been the one described by Mulfinger where all water
has been exchanged with absolute ethanol and then trying to introduce as few changes as
possible. The exact developed procedure for producing pre grafted silver nanoparticles is
as follows.
1. 1 g of PVP/VA and 0.1 g of AgNO3 is dissolved in 50 ml of absolute ethanol.
2. 0.02 g of sodium borohydride together with 0.2 g of PVP/VA is dissolved in 10 ml
of absolute ethanol.
3. The sodium borohydride solution is under vigorously stirring added drop wise at the
rate of one drop per second to the AgNO3 solution.
4. A colour change from clear over yellow to a more yellow-brownish colour should be
observed.
5. 30 s after complete addition of the sodium borohydride solution the stirring is
stopped.
By following this procedure the nanoparticle concentration will be 1.06 mg/ml if complete
reduction is assumed. This concentration is around 40 times larger than the other two
methods for synthesising silver. The polymer to particle weight ratio is 19:1. This ratio is
almost half of what was chosen for the post grafting.
4.1.3 Grafting Sum-Up
Some interesting results were found during the experiments with post grafting and pre
grafting. The main conclusions from the post grafting were:
• Post grafting works well for gold nanoparticles.
• Post grafting can affect the colloidal stability of silver nanoparticles.
For pre grafting two new methods for synthesising the nanoparticles while coating them
at the same time was developed. The main finding of the pre grafting was:
• Higher concentrations of nanoparticles can initially be obtained with pre grafting
than with post grafting.
• Pre grafting appears to be functional for both gold and silver nanoparticles.
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In general the concentration of the nanoparticle sols is higher using the pre grafting
method than the post grafting method. This should not have much influence on the choice
of grafting method as the concentration is expected to be increased when removing the
water. It was found that high amounts of polymer can influence the colloidal stability of
the post grafted silver nanoparticles. As it is unknown if this is caused by the very high
amount of polymer to particle weight ratio no direct conclusion can be drawn from this.
All in all the pre grafting appears to be preferable, but no clear conclusion can be drawn.
Both types of grafted particles are therefore tested for transfer into organic solvents.
4.2 Solvent Exchange
To transfer the nanoparticles from the water or ethanol in which they are synthesised and
into the SU-8, a solvent exchange has to be performed. Cyclopentanone, the main solvent
of SU-8 2002 is not miscible with either water or ethanol. Most photoresists are indeed
dissolved in organic solvents which mean that a solvent exchange will always have to be
done for nanoparticles synthesised in water.
There are several methods which can be used for a solvent exchange; some being as
simple as shaking a two phase system causing the nanoparticles to migrate due to higher
affinity for one of the solvents. As this simple approach is not possible with the nanoparti-
cles in this project, different solvent exchange methods have been investigated. The three
main tracks investigated are centrifugation, freeze-drying and evaporation done either in a
rotary evaporator or a desiccator. These solvent exchange methods all have the common
characteristic of removing water before adding or suspending in organic solvent.
The three tested methods will be described in the following.
4.2.1 Centrifugation
Centrifugation is a well-known technique used for concentrating nanoparticles, and it has
also been used in a previous project [78].
In centrifugation, rotation at very high speed results in sedimentation of the nanoparti-
cles, leaving a water supernatant which can then be removed. Unfortunately the very low
mass of nanoparticles means that extremely high speed of up to 100,000 g is needed [81].
The relative centrifugal force (RCF) expressed in units of gravity can be calculated
from the revolutions per minute (RPM) using the formula [82]:
RCF = (1.118× 10−5)rS2, (4.1)
where r is the radius of rotation in centimetres and S is the speed of the centrifuge.
Sometimes a centrifuge will only have the possibility to input RPM, which should then
be recalculated to RCF to ensure that identical conditions can be achieved on different
equipment.
Centrifugation results in a layer with high concentration of nanoparticles in the bottom
of the centrifuge tubes and a supernatant with very few or none nanoparticles. This top
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layer can then be removed. The remaining water in the nanoparticle containing layer can
afterwards be removed in a desiccator.
A disadvantage of centrifugation is that the small particle size can result in high pro-
cess time in order to sediment all the nanoparticles. The amount of liquid which can be
processed is also limited by the size of the centrifuge.
Optimisation of nanoparticle centrifugation is in principle very simple because of the
distinct colour difference seen when there are nanoparticles in the liquid. To optimise
the procedure these simple rules have to be followed: After an initial centrifugation with
estimated values of time and speed the result is investigated. If the supernatant is still
coloured, the time or speed has to be increased. If the nanoparticles are deposited on the
side of the centrifugation tube, the speed has to be decreased. After the optimal speed has
been found the time can be optimised by reducing the time until the supernatant starts to
be coloured again.
As mentioned, previously nanoparticle synthesis in the research group has used cen-
trifugation for solvent exchange, but as the synthesis and coating protocols are not identical
the old method cannot be expected to work without further modifications.
Centrifugation was tested on gold nanoparticles using a Thermo Scientific SL16R cen-
trifuge and the following procedure.
1. The synthesised nanoparticles are transferred to an even number of 45 ml centrifuge
tubes.
2. Each centrifuge tube is paired with another tube and weighed such that the weight
difference between the tubes in a pair is at maximum 0.1 g.
3. The centrifuge tubes are placed in an ultra-centrifuge such that the two tubes from
a pair are placed opposite each other.
4. The centrifuge is set at 18,000 g for 4 h.
5. The supernatant is removed and nanoparticles dried in a desiccator.
Centrifugation was done before discovering the incompatibility of PVA-COOH and SU-
8, so the procedure has been tried with both PVP/VA and PVA-COOH coated particles.
It was found that the process can be used for the PVP/VA coated particles, but that the
PVA-COOH coated particles could not be sedimented.
After centrifugation the nanoparticles were dried in a desiccator. The resulting pellets
could be resuspended in water, but it was found that the pellets could not be suspended
in organic solvents rendering centrifugation inapplicable.
4.2.2 Freeze-Drying
The second solvent exchange method tested was freeze-drying, in which the water is re-
moved by sublimation. At first a shell freezing is used where the liquid is frozen on the
inside of a rotating round bottom flask. Liquid nitrogen, dry ice sublimation or any other
method for rapid freezing can be used. This results in a large surface area which reduces
the necessary process time. The freezing is also important to avoid bumping when the
pressure is later reduced.
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Figure 4.2 – The phase diagram of water [83] showing which temperatures and pres-
sures can be used for sublimation. The freeze-dryer should be set at a pressure below
the triple point such that water can only exist as a vapour or solid.
After freezing the flask with the nanoparticles is transferred to a freeze-dryer and the
temperature and pressure adjusted according to the phase diagram of water, Figure 4.2.
After the water vapour leaves the flask due to the reduced pressure, it is condensed on
the cold condenser plates. It can from the phase diagram be seen that a pressure of 2 mbar
is suitable for frozen water at 0◦C to accommodate sublimation. Condenser coils at -20◦C
water will then result in a desublimation as ice on the coils.
The processing time for freeze-drying can be long, several days, depending on the sample
size. It is, however, and advantage that large volumes can be processed simultaneously, and
that samples can be added or removed at any point without interfering with the remaining
samples.
A Christ Alpha 1-2 LDplus freeze-dryer and the following procedure were used for
freeze-drying.
1. A round bottomed flask containing the nanoparticles is connected to a rotary evap-
orator.
2. The flask is rotated at maximum speed while being partly dipped in a bath of liquid
nitrogen or dry ice and ethanol.
3. After complete freezing of the nanoparticle sol the flask is transferred to a freeze
dryer.
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Figure 4.3 – A lump of silver-
polymer powder which has been ob-
tained through freeze-drying. The
powder is very voluminous and can be
dissolved in many different solvents.
Figure 4.4 – After dissolving the
freeze-dried powder in water it can
be compared with the original suspen-
sion. The cuvette on the left contains
the freeze dried silver and the one on
the right the original suspension. A
distinct colour difference can be seen
as well as a difference in surface ten-
sion.
4. The flask is wrapped in aluminium foil and left on the freeze-dryer until the flask
reaches room temperature.
The used procedure has in general been found to work for post grafted gold nanopar-
ticles resulting in voluminous powder which can be suspended in water or a long range
of organic solvents. On some occasions freeze-drying has resulted in changes of the post
grafted gold nanoparticles. It was found that freeze-drying was never suitable for silver
nanoparticles of this project as major changes were observed each time.
During the rapid freezing of the silver nanoparticle sol a change in colour can be ob-
served which indicates agglomeration of the particles. After freeze-drying a powder as
shown in Figure 4.3 is obtained. This powder is then dissolved in water to compare with
the original silver nanoparticle sol. Figure 4.4 shows a cuvette containing freeze-dried
resuspended silver nanoparticles and a cuvette containing the original sol.
It can from the colour of the liquids be seen that something has changed. At the same
time it can also be observed that the surface tension is different between the two samples.
The absorption of both sols is found to further quantify the difference. The result can be
seen in Figure 4.5.
The absorption spectra clearly shows that although there is still a peak at the same
wavelength as before freezing, a big shoulder has appeared at higher wavelengths for the
freeze-dried powder. The peak broadening and colour change supports the idea that par-
ticle agglomeration has happened during the initial freezing step.
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Figure 4.5 – Absorption spectra of two silver nanoparticle sols. The original untreated
sol has a well-defined peak, while the resuspended freeze-dried particles have a much
wider peak. The absorption maximum for both sols are at the same wavelength, but
the wide peak and shoulder of the freeze-died particles indicates some large particles or
agglomerates.
The problem is assumed to be phase separation during freezing as this is not an unknown
problem within freezing [84]. A well-known method for avoiding phase separation is to use
a cryoprotectant. PVP is an example of a well-known and used cryoprotectant [84]. As
PVP is also one of the polymer blocks for the used polymer coating the problem could
perhaps be avoided by adding more polymers. It was however shown in Table 4.1 that
large amounts of polymer destabilises the silver nanoparticles.
Freeze-drying was first later revisited with the pre grafted gold nanoparticles. All
samples with pre grafted freeze-dried gold nanoparticles have resulted nanoparticle powders
which can be suspended in organic solvents or SU-8.
The conclusion for freeze-drying is therefore that it appears to be useful for pre grafted
gold nanoparticles, but not for any silver nanoparticles.
4.2.3 Rotary Evaporation
The third method for solvent exchange tested was rotary evaporation, or evaporation under
reduced pressure. In a rotary evaporator the pressure is reduced such that evaporation can
happen without excessive heating. The flask containing the liquid is rotated in a bath with
heated water. The rotation ensures a large surface which is good for evaporation and also
counters bumping of the liquid. The vapour is after evaporation condensed on condenser
coils and collected in a separate flask.
A rule of thumb for rotary evaporation is that the condenser coils should have a tem-
perature of 0◦C, the pressure should be reduced such that the liquid boils at 20◦C and
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the heating bath set at a temperature of 40◦C. This is called a 0/20/40 setting. If the
cooling water is not that cold a 20/40/60 setting can be used as well. The pressure should
be reduced to approximately 20 mbar according to Figure 4.2 in order for the boiling
temperature of water to be 20◦C.
Rotary evaporation can also be optimised past these values. In an optimised evapora-
tion process, condensation can be seen on 3/4 or 4/5 of the condenser coils. This can either
be achieved by reducing the pressure or increasing the temperature of the water bath.
A couple of different methods can be applied when using rotary evaporation. The
process can be continued until complete drying, or it can be stopped at low volumes and
then remaining drying done in a desiccator. Another method is to gradually exchange the
solvent during evaporation to avoid complete drying of the nanoparticle suspension.
Complete drying in the flask is not recommended as the result will be a thin film
covering most of the inside of the flask. This film can be tricky to remove or dissolve in
small amounts of liquid. Using a desiccator for the final drying is therefore preferred. This
means that the procedure followed for rotary evaporation was as follows.
1. The round bottomed flask containing the nanoparticles are transferred to the rotary
evaporator.
2. The cooling water is connected and turned on and the water bath set at 60◦C.
3. The flask is rotated and the pressure lowered to 20 mbar. Be wary of bumping which
could result in loss of sample.
4. The rotating flask is lowered into the water bath such that it is barely touching. Be
wary once more about bumping and remove the flask from the water should it occur.
5. Leave the flask rotating in the water bath until most of the water has been removed.
6. Remove the flask from the rotary evaporator and dry the nanoparticles in a desiccator.
As mentioned either a 0/20/40 or 20/40/60 setting can be used, most likely depending
on the temperature of the cooling water. The 20/40/60 setting has been used in this
project, but there has clearly been room for further optimisation as the condenser coils
have not been any way near 3/4 covered by condensation. Without optimisation the time
to reduce 50 ml to around 2 ml is roughly 30 min.
After the final drying in a desiccator the same problem as with centrifugation was
encountered. The nanoparticle pellets can be dissolved in water, but are hard to dissolve
in other solvents. Different salts to control the humidity in the desiccator have been tried,
but this did not solve the problem.
As complete drying appears to be a problem an approach with co-evaporation of solvents
was tried instead. In this approach the target solvent is gradually added during evaporation
to avoid reaching a dried state.
When applying this method the used solvents must be carefully considered. The target
solvent must preferably have a higher boiling point than the original as the low boiling
solvent will then most easily be removed.
Both post and pre grafted gold nanoparticles according to section 4.1.1 and section 4.1.2
have been tested, while only the pre grafted silver nanoparticles from section 4.1.2 were
included. The procedure is a bit different for gold and silver nanoparticles.
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The procedure for gold nanoparticles is as follows.
1. 10 ml of gold nanoparticle sol is attached to the rotary evaporator and 2 ml water
evaporated.
2. 1 ml of cyclopentanone is added to the sol.
3. The process is repeated five times.
As cyclopentanone and water is not miscible two phases are observed when adding the
cyclopentanone. As the water is evaporated the nanoparticles will transfer to the cy-
clopentanone. It can easily be seen when all water has been removed as there will then be
only one phase.
The procedure for transferring silver nanoparticles are as follows.
1. 10 ml of the nanoparticle sol is attached to the rotary evaporator and 1 ml of ethanol
evaporated.
2. 1 ml of cyclopentanone is added to the sol.
3. 3 ml of ethanol is evaporated and 1 ml of cyclopentanone added.
4. The remaining 6 ml of ethanol is evaporated and 1 ml cyclopentanone added.
Once the nanoparticles have been transferred to cyclopentanone there should be no
problem mixed with SU-8 2002.
Solvent Exchange Sum-up
After testing these three different methods for solvent exchange some conclusions on the
feasibility can be made.
For centrifugation only gold nanoparticles where tested and the following observations
have been made.
• PVA-COOH coated particles cannot be used for centrifugation.
• Centrifuged and dried PVP/VA coated particles can in most cases be resuspended
in water.
• Centrifuged and dried PVP/VA coated particles cannot be suspended in organic
solvents.
Both gold and silver nanoparticles were tested for use with freeze-drying. The following
observations were made,
• Freeze-drying can work for gold nanoparticles and the obtained powder can be sus-
pended in many solvents.
• Freezing of silver nanoparticles causes phase separation and thereby agglomeration
of particles.
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For the final method of rotary evaporation two different approaches was tested and the
observations were as follows.
• Complete drying of particles cannot be used as the resulting pellets can only some-
times be dissolved in water and never in organic solvents.
• Gradual transfer from water to cyclopentanone can be done with both post grafted
and pre grafted gold nanoparticles.
• Gradual transfer from ethanol to cyclopentanone can be done for pre grafted silver
nanoparticles.
The final conclusions with regard to the solvent exchange are therefore that rotary
evaporation should be used. The nanoparticles should however never be dried completely
as they can then only be resuspended in water. A gradual transfer into cyclopentanone has
proven successful for post and pre grafted gold nanoparticles as well as pre grafted silver
nanoparticles.
Freeze-drying was originally discarded as it cannot be used for silver nanoparticles
because freezing causes agglomeration. Agglomeration during freezing has been observed
with post grafted gold, but unagglomerated nanoparticle powders have also been obtained.
Later experiments with pre grafted gold indicate that freeze-drying is well suited for these
particles as no agglomeration during freezing has been observed.
4.3 Suspendability and Colloidal Stability
The range of solvents in which the obtained gold nanoparticle powder can be suspended
was investigated. The experiment was done using good freeze-dried samples of post grafted
gold particles with PVP/VA and PVA-COOH coatings. The procedure for the experiment
was as follows.
1. Gold nanoparticles were synthesised according to section 2.1.
2. 40 ml of the gold nanoparticle sol is mixed with 1.4 ml of 100 mg/ml PVP/VA in a
45 ml centrifuge tube and placed on a nutating mixer overnight.
3. The mixture is poured into a 250 ml round bottomed flask and rotated in liquid
nitrogen using a Rotavapor R© R-210 from Buchi.
4. After complete freezing of the liquid the flask is transferred to a Christ Alpha 1-2
LDplus freeze dryer and wrapped in aluminium foil.
5. The flask is left on the freeze dryer until it reaches room temperature and a powder
can be observed.
6. 30 mg of the powder is weighted off and placed in a 4 ml vial.
7. 1 ml of solvent is added and the vial shaken by hand.
8. Suspendability and stability are evaluated by visual inspection.
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Table 4.2 – Suspendability and stability data for gold nanoparticles coated with
PVP/VA and PVA-COOH. The nanoparticles have been freeze-dried and then sus-
pended in various solvents.
Solvent PVP/VA PVA-COOH
9:1 toluene and cyclopentanone Stable -
Acetone Unstable Stable
Acetonitrile Stable Stable
Cyclopentanone Stable Not suspendable
Dichloromethane Stable Stable
DMF Stable Stable
DMSO Stable Stable
Ethanol Stable Stable
Hexane Stable Stable
Isopropanol Stable Stable
NMP Stable -
THF Stable Stable
Toluene Not suspendable -
Water Stable Stable
The process for PVA-COOH coated particles is similar. Silver nanoparticles have not
been included in this experiment due to phase separation and agglomeration during freez-
ing.
The previous work on gold nanoparticles dried using centrifugation and a desiccator
done in the group showed that gold nanoparticles are stable in several solvents [78]. The
same solvents are tested once more and some additional ones added. The stability was
checked by visual inspection immediately after mixing. If no colour change was observed,
after mixing, between the suspended particles and a reference in water, the particles were
deemed stable. This was then confirmed by a second inspection several days later where
no further colour change should be visible. The results are summarised in Table 4.2.
As seen from the table the coated gold nanoparticles are stable in a wide range of
solvents. The tests have been done with both types of polymer coatings. The results show
that the particles coated with PVA-COOH are not suspendable in cyclopentanone. This
is due to a jellification of the polymer. This experiment eliminates the possibility of using
PVA-COOH as a coating polymer due to lack of compatibility with cyclopentanone/SU-8
2002.
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Chapter 5
Ex Situ Composites
In this Ph.D. project, ex situ nanocomposites are composite materials made by incorporat-
ing synthesised nanoparticles into the photoresist matrix after the needed surface modifica-
tions. The previous chapter explained how super stable PVP/VA stabilised nanoparticles
were successfully transferred into the SU-8 compatible solvent cyclopentanone. Successful
modification of the nanoparticles has made it possible to achieve ex situ composites with
homogeneously distributed nanoparticles without any agglomeration in the photoresists
matrix.
Very little work has been reported in the case of nanocomposites using SU-8 and gold
nanoparticles. Toor et al. [85] reports a SU-8 gold nanocomposite in which they have
used dodecanethiol coated nanoparticles which are dispersed in chloroform. This method
clearly lacks the principles of green chemistry. The reported nanocomposite has also not
been structured which is a key element in this work. The goal of their composite was
to increase the dielectric constant of the material using small nanoparticles. They used
nanoparticles with a diameter of 5.68 nm and achieved a generally good homogeneity, but
with some clusters of 25 nm.
Chiamori et al. [86] reports a SU-8 gold nanocomposite in which the gold nanoparticles
were suspended in benzene before mixing them with SU-8. This method does not follow
the principle of green chemistry as well. Their goal was to achieve reduced residual stress
as well as electrical conductivity, where the latter was not achieved. They used 5 nm large
nanoparticles, but does not report anything about homogeneity.
Jiang et al. [87] reports of a microwave device made with gold nanoparticle doped SU-
8. The used nanoparticles have an average diameter of 2 nm which means that they are
too small to display any surface plasmonic response. They do not report anything about
homogeneity or structuring of the nanocomposite.
Some ex situ nanocomposites with silver have also been reported, but these have already
been explained in section 1.9.
In the following sections, ex situ gold and silver nanocomposites are described. The
effect of the two coating mechanisms described in chapter 4 is compared in terms of colloidal
stability and distribution of particles within the polymer matrix.
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Figure 5.1 – Picture of 1 ml of nanoparticles suspended in cyclopentanone mixed with
2 ml of SU-8 2002. The left shows post grafted nanoparticles while the right shows pre
grafted particles. It is seen that the post grafted nanoparticles are purple indicating
particle agglomeration while the pre grafted nanoparticles maintain the characteristic
red colour.
5.1 Gold Composite
1 ml of the PVP/VA coated nanoparticles suspended in cyclopentanone obtained according
to subsection 4.2.3 is mixed with 2 ml of SU-2002 and given a gentle shake to ensure
complete mixing. A difference in colour can be seen between the post grafted and the pre
grafted particles as shown in Figure 5.1.
The nanoparticle stability in SU-8 is evaluated by looking at the colour of the sols. The
picture shows that the post grafted and the pre grafted nanoparticles does not have the
same colour after being mixed with SU-8. The purple colour of the post grafted particles
indicates partially agglomeration of the nanoparticles. As no further agglomeration is
observed over time, both sols are considered stable. The two sols are further investigated
by looking at the plasmonic absorption spectrum as seen in Figure 5.2.
It is clear from the absorption measurements that the pre grafted gold nanoparticles
are more stable in SU-8 than the post grafted particles. The shoulder on the spectrum for
the post grafted particles show that partial agglomeration has happened.
Differences between batches of post grafted particles can be observed as some mixtures
have resulted in blue sols including large particles visible by naked eye. Some of these
batches are also not long term stable in SU-8. For the pre grafted nanoparticles the SU-8
sol was found to be stable for at least one year. In some batches particles showed a tendency
of sedimentation. Shaking of the sedimented mixtures resulted in complete redispersion of
the nanoparticles without any visible colour change, indicating good stability due to the
PVP/VA coating.
The mixtures with both post grafted and pre grafted nanoparticles are spun on 50 mm
silicon wafers. After heating the wafer with the post grafted nanoparticles are broken in
two such that the cross section can be investigated. The cross section was investigated
with a scanning electron microscope (SEM), and the result can be seen in Figure 5.3.
The marked regions can be investigated further by looking closer at each of them as
done in Figure 5.4.
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Figure 5.2 – Absorption spectra of
pre and post grafted gold nanoparti-
cles suspended in SU-8 2002. The
sols have almost identical wave-
lengths for the absorption maximum,
but the post grafted particles also
have a larger shoulder due to partial
agglomeration.
Figure 5.3 – SEM image of the cross
section of an ex situ gold nanocom-
posite with post grafted nanoparti-
cles. The image is representative for
the nanocomposite and two different
regions have been marked to show
how the composite is divided into dif-
ferent domains.
(a) SEM image of the area marked with a red
circle in Figure 5.3. One large agglomerate
of gold nanoparticles makes up most of this
domain.
(b) SEM image of the area marked with
a yellow circle in Figure 5.3. Individ-
ual nanoparticles are randomly distributed
across the domain.
Figure 5.4 – SEM image of the two domains marked in Figure 5.3. One domain
consists of large gold nanoparticle agglomerates while the other contains individual
nanoparticles. In both cases the nanoparticles have a size of around 25 nm.
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Figure 5.5 – SEM image of an ex situ gold composite cross section made with pre
grafted nanoparticles in SU-8. The nanoparticles can be hard to see, but appears to be
homogeneously distributed.
The investigation of the nanocomposite clearly shows that two distinct regions is found
within the composite; one where large agglomerates are dominant, and one with individual
nanoparticles. This tells us that although we have agglomerates, which is also the reason
for the purple colour of the sol and the shoulder observed in the absorption spectrum,
individual nanoparticles can still be found within the composite.
The wafer with the pre grafted particles is also investigated with SEM and this is shown
in Figure 5.5.
The pre grafted nanoparticles have not formed agglomerates in the SU-8, but are ho-
mogeneously dispersed within the polymer.
The pre grafted nanoparticles are much better than the post grafted with regards
to homogeneous distribution of the particles within the polymer. No further work has
therefore been done on post grafted gold nanoparticles and the following results will only
be of pre grafted particles.
5.1.1 Plasmonic Absorption and Structuring
If the nanocomposites are to be used in optical sensors the plasmonic absorption has to
be distinct in the nanocomposite. As the nanoparticles have been engineered to have an
absorption peak at a specific wavelength, the wavelength of the absorption peak in the
composite should be in the near vicinity. If the peak has a similar shape and an absorption
value close to that of the nanoparticles, then no growth or agglomeration of particles have
happened.
Measurements are made on nanocomposites spun onto fused silica wafers. These mea-
surements are then compared with measurement of the nanoparticles in SU-8. A Shimadzu
UV-2600 UV-Vis spectrophotometer has been used to measure the plasmonic absorption
with air as the reference.
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Figure 5.6 – Sketch of the approximate position of the four measurement points on
wafer using the Shimadzu spectrophotometer. Each measurement point is the same
distance from the edge, meaning that the measurement point around the flat is closer
to the center of the wafer. The wafer is rotated 90 degrees between each point.
Each wafer is measured in four different points to see if there are any variations across
the wafer. The angle between each measurement point is approximately 90 degrees, and all
except one are at the same distance from the center of the wafer. An approximate position
of the measurement points on the wafer can be seen in Figure 5.6.
These measurement points are consistent throughout all measurements made on nanocom-
posites on fused silica wafers for the entire project. Unless otherwise mentioned no differ-
ence has been found between the measurement points.
Two composites with pre grafted ex situ nanoparticles are compared to nanoparticles
from the same batch suspended in SU-8 2002, to see if there is change in the plasmonic
absorption. The result is shown in Figure 5.7.
The absorption spectra show that there is effectively no shift in absorption maximum
between the composites and the nanoparticles suspended in SU-8 2002. It is seen that ab-
sorption is higher for higher amounts of gold as expected. The y-value of the nanoparticles
cannot be directly compared with the nanocomposites as the values have been normalised
to fit with the values of the nanocomposites.
Ex situ composites are structured in the cleanroom using an EVG620 double side mask
aligner following the procedure described in chapter 7. The result can be seen in Figure 5.8.
The microscope image shows that a resolution of around 5 µm can be achieved with
the ex situ composite and the used fabrication methods.
In conclusion, the ex situ gold composite achieved by using pre grafted gold nanoparti-
cles gave the best results with regards to homogeneous distribution of particles within the
polymer without agglomeration and hence retention of the plasmonic properties. It has
been shown that it is possible to structure the composite, and the achieved resolution of
5 µm is acceptable for micro- and nanofabrication. Ex situ gold composites are hence a
viable option for a new material to be used in micro- and nanofabrication.
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Figure 5.7 – Plasmonic absorption spec-
tra of two ex situ composites with different
gold amounts on a fused silica wafer and
of gold nanoparticles suspended in SU-8
2002. The exact gold concentration is un-
known, but the one designated low is half
of the one designated high. There is effec-
tively no shift in the absorption maximum
wavelength, but a reduced absorption for
low gold.
Figure 5.8 – Microscope im-
age at 20 times magnification of
a gold nanocomposite made with
ex situ synthesised nanoparti-
cles. Ignoring the strange cir-
cle in the picture the reso-
lution is seen to be around
5 µm. It is also possible to spot
some nanoparticle agglomerates
within the polymer.
5.2 Silver Composite
As explained in subsection 4.1.1 post grafted silver nanoparticles could not easily be ob-
tained, and successful transfer into cyclopentanone was not performed. Only the pre
grafted silver nanoparticles described in section 4.1.2 are therefore used in this attempt.
The nanoparticles are transferred into cyclopentanone using the procedure described
in the end of subsection 4.2.3. 1 ml of the silver nanoparticles in cyclopentanone is then
mixed with 2 ml of SU-8 2002. The mixtures have in general been found to be unstable,
although the student working with the procedure has been able to spin it on a 50 mm
fused silica wafer as shown in Figure 5.9.
The wafer appears yellow because of the silver nanoparticles within the SU-8.
As with the ex situ gold composite the plasmonic absorption of the nanocomposite is
measured and compared with suspended particles. The absorption spectra for the com-
posite and silver nanoparticles in cyclopentanone can be seen in Figure 5.10.
The absorption spectrum for the silver nanocomposite shows a shoulder to the right of
the absorption peak, a clear indication of agglomerates in the composite. Besides that the
absorption peak of the composite is a bit blue shifted compared to that of the nanoparticles
in cyclopentanone.
Because the transfer of silver nanoparticles into SU-8 for obtaining a stable nanocom-
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Figure 5.9 – Picture of a
fused silica wafer on which
a mixture of SU-8 and sil-
ver nanoparticles have been
spun. The yellow colour shows
that silver nanoparticles are
present.
Figure 5.10 – Plasmonic absorption spec-
tra of an ex situ silver composite and silver
nanoparticles suspended in cyclopentanone.
The absorption maximum of the composite
lies at a lower wavelength than the nanopar-
ticles, but the composite also has a shoulder
to the right of the peak not visible in the
spectrum for the nanoparticles.
posite material ended up with poor reproducibility, no structuring of ex situ silver nanocom-
posites were performed.
5.3 Sum-Up
It has been shown that it is possible to make an ex situ gold composite using gold nanopar-
ticles stabilised with PVP/VA. The best result is obtained using pre grafted particles as
this result in a homogeneous distribution of the nanoparticles whereas the post grafted
particles results in a composite divided into distinct different domains.
The pre grafted nanoparticles suspended in SU-8 2002 have shown to be stable for more
than a year, giving this pre composite a long shelf lifetime. The gold composite has also
been successfully structured with an obtained resolution around 5 µm.
It has also been possible to fabricate an ex situ silver nanocomposite using pre grafted
silver nanoparticles, however, not in a reproducible fashion. From this it is therefore
concluded that ex situ composites are a viable route for gold composites, but a more
robust method will have to be developed for silver composites.
Although the precise amount of gold in the final composite is not known, it is low
with the used process flow. Higher nanoparticle loadings are for instance needed if con-
ductivity is wanted. Higher loadings requires that the nanoparticle sols to have a higher
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concentration of nanoparticles than what was done.
When using pre synthesised nanoparticles the final composite also includes a lot of the
stabilising polymer. This additional polymer will have an effect on the final composite
although which is unknown.
The situation with poor reproducibility of the ex situ silver composites have led to the
investigation of new possible methods for silver nanocomposite fabrication. An alternative
method for nanocomposite fabrication, which has also been widely exploited, is an in situ
approach which will be described in chapter 6.
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In Situ Composites
The ex situ composites were found to be possible for the pre grafted gold particles, but
was not really suitable for silver. Instead, silver composites will be made using an in situ
approach where the particles are formed directly within the SU-8 matrix.
Many different methods for in situ formation of especially silver nanoparticles have
been reported; purely chemical reduction [88, 89, 90], UV initiated [91, 92, 93] or thermal
initiated [94, 95, 96]. Therefore, an in situ approach is considered as a more preferable
route to achieve a silver-SU-8 nanocomposite. Although ex situ nanocomposites with SU-
8 and both gold and silver nanoparticles have been reported as mentioned in section 1.9
nothing has been reported using an in situ approach.
In the in situ approach, nanoparticles are formed inside the photoresist matrix to obtain
the desired nanocomposite material. This eliminates the requirement of prior synthesized
and conditioned nanoparticles, needed with the ex situ method. The in situ method is
thus easier, since no solvent exchange step is involved. The in situ composite also has the
benefit of not having any conditioning/stabilizing polymer around the nanoparticles which
influences the final composite.
The disadvantage of the in situ approach is the loss of control with regard to particle
size and shape, as well nanoparticle functionalization.
In this chapter processes for fabricating in situ nanocomposites with both gold and
silver are described and evaluated.
6.1 Gold Composite
To form an in situ composite the metal precursor needs to be mixed with the photore-
sist. There are two ways to do this; either the precursor can be dissolved directly in the
photoresist or a co-solvent compatible with both precursor and photoresist is needed.
For the gold nanocomposite the precursor, auric chloride, can be dissolved directly in
SU-8 2002, but with the disadvantage that a nanoparticle forming reaction starts immedi-
ately.
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Figure 6.1 – The absorption spectra of an in situ gold nanocomposite and gold nanopar-
ticles in SU-8. The absorption maximum is shifted towards higher wavelength for the
in situ composite compared to pre synthesised nanoparticles.
Even though the precursor is directly soluble in SU-8, the precursor was dissolved
in cyclopentanone. Auric chloride is easily dissolved in cyclopentanone resulting in a
yellow/orange solution. As cyclopentanone is also the solvent of SU-8 2002 there are no
problems with compatibility. It was found that when adding the cyclopentanone containing
the gold precursor to SU-8 2002, an exothermic reaction occurs within 20 s or even more
rapidly if shaken. The result is a viscous black solution consisting of nanoparticles.
The result is therefore not as expected as the nanoparticles are preferably formed after
the photoresist mixture has been spun on a wafer. Nanoparticles change the rheology of
the photoresist which could render spin coating impossible. It has, however, been shown
that it is possible to spin coat SU-8 with 14 vol% gold nanoparticles in it [86]. As spin
coating should therefore be possible the SU-8 and gold nanoparticle sol will be tested.
The procedure follow was:
1. 62.5 mg auric chloride is dissolved in 0.5 ml cyclopentanone.
2. 4 ml of SU-8 2002 is added and the entire mixture quickly spun on a 100 mm fused
silica wafer.
3. The wafer is placed on a hotplate set at 95◦C for 10 min before being given a UV
flood exposure.
4. After UV exposure the wafer is given another 10 min on the hotplate at 95◦C .
The plasmonic absorption of the obtained nanocomposite thinfilm is measured and
compared to that of the pre grafted synthesised gold particles in liquid SU-8. The result
is shown in Figure 6.1.
The absorption spectra shows that the absorption maximum of the in situ composite
is red shifted with 15 nm compared to that of pre synthesised nanoparticles in SU-8 2002.
This indicates that the in situ synthesis results in larger particles, or that agglomerates
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Figure 6.2 – SEM image of an in situ gold composite made in this project. Large
particles of 200-300 nm can be seen with smaller particles of around 20-30 nm in
between.
are present in the composite. The shoulder on the in situ spectrum also indicates that the
composite has agglomerates.
To investigate the in situ gold composite further, a silicon wafer is prepared using
the same procedure and investigated using a SEM. One of the SEM images is shown in
Figure 6.2.
The SEM image shows that the gold composite consist of many small particles around
20-30 nm, and a number of larger particles and agglomerates of 200-300 nm as well. The
large particles and agglomerates explain the red shift of the absorption maximum compared
to synthesised nanoparticles.
From the plasmonic absorption and the SEM image it is clear that the in situ approach
does not result in nanoparticles of identical size. A narrow size distribution is preferred to
because of better homogeneity and sharper signal. The conclusion is therefore that for a
gold nanocomposites the ex situ approach is the best.
6.2 Silver Composite
An in situ silver composite cannot be made as easily as the gold nanocomposite. Two
different precursors were tested; silver nitrate and silver acetate, but none of them are
soluble in SU-8.
A different approach where a co-solvent is used is therefore needed. Only experiments
with silver nitrate is explained as preliminary experiments with silver acetate did not
produce any results which favoured the continuation of this precursor.
The chosen co-solvent can influence the remainder of the process and must therefore
be carefully selected.
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Table 6.1 – This table lists the solubility of silver nitrate in various solvents. It must
be noted that the solubility data is given at different temperatures and can therefore not
be directly compared. All chosen solvents are compatible with either SU-8 2002 or SU-8
2 except water which is only added as a reference.
Solvent Temperature [◦C] Solubility [mg/ml]
Acetone 18 3 [98]
Acetonitrile 25 879 [99]
Benzonitrile 18 1006 [99]
Cyclohexane ∼ 22 None
Ethanol 95 % 15 31 [99]
Ethanol absolute 20 24 [98]
Diacetone alcohol ∼ 22 Low
Dichloromethane ∼ 22 Very low
DMF ∼ 22 High
DMSO 25 1300 [100]
Pyridine 20 330 [99]
Water 20 2200 [98]
6.2.1 Co-Solvent Selection
It is important to choose the right co-solvent for silver nitrate to ensure that an in situ
composite is possible. Two main criteria can be given for the solvent.
1. Silver nitrate solubility
2. Compatibility with SU-8
According to the handbook of chemistry and physics [97], ethanol should be a good
solvent, but solubility data for silver nitrate are in general not that easy to find. Some
solubility values have, however, been retrieved from the internet. The solubility data has
mainly been extracted from two sources and converted into mg/ml. Some solvents which
are all compatible with either SU-8 2002 or SU-8 2 are given in Table 6.1. The table
includes water as a reference, as well as some solvents tested in the lab where the exact
values are unknown.
It can be seen from the table that there is a large variation in the solubility between
the solvents. A high solubility is preferred when attempting to get a high silver loading
in the final composite. It was from the table chosen not to proceed with cyclohexane and
dichloromethane due to the very poor solubility. Benzonitrile was also not tested due to
lab availability.
The remaining solvent is then tested for stability, which means whether or not the
solvents initiate nanoparticle formation during storage. This is done by dissolving silver
nitrate in the solvents and observe what happens over time.
The experiment was performed as follows.
58
6.2. SILVER COMPOSITE
Table 6.2 – Stability of silver nitrate in various solvents. If no formation of nanopar-
ticles has occurred after a day or more the solvent is designated as stable.
Solvent Stable
Acetone Yes
Acetonitrile No
Ethanol 95 % Yes
Ethanol absolute Yes
Diacetone alcohol No
DMF No
DMSO Yes
Pyridine No
1. Three vials with 1.5 g of silver nitrate dissolved in 3 ml of a solvent is made.
2. One vial is stored as made at room temperature.
3. One vial is wrapped in aluminium foil and stored at room temperature.
4. One vial is stored in a refrigerator.
5. Colour changes are observed by visual inspection.
If the solubility of silver nitrate in the solvent is less than 500 mg/ml, then the maximum
soluble amount of silver nitrate has been used instead. The stability was evaluated by
observing any colour change or agglomerates in the liquid after one day or later. If colour
or agglomerates could be observed the mixture was marked as unstable. In all samples
no difference could be observed between the different storage methods. The results are
summarised in Table 6.2.
From the stability table it can be seen that half of the solvents initiate the formation
of nanoparticles while being stored. For process purposes a stable solution is preferred as
a stock solution can then be made instead of preparing fresh solutions each time. Ethanol
is a preferred solvent although it has a low solubility of silver nitrate. This is because
it does not initiate nanoparticle formation, has no toxicity and is easily removed in later
processing.
Ethanol is however only compatible with SU-8 2 and not SU-8 2002. This is due to
ethanol being miscible with γ-butyrolactone, the solvent of SU-8 2, and not cyclopentanone,
the solvent of SU-8 2002. It is however possible to achieve compatibility between ethanol
and cyclopentanone, and thereby SU-8 2002 by adding acetone. It was found that complete
miscibility is achieved when the volume ratio between ethanol, acetone and cyclopentanone
are 2:1:1.
DMSO is also chosen as a preferred solvent as it does also not initiate nanoparticle
formation and has a high solubility of silver nitrate. Acetone could be chosen as a third
choice, but was discarded because of the lower solubility than ethanol.
Of the remaining solvents pyridine is discarded as it has the lowest solubility. Acetoni-
trile is preferred over DMF because of lower toxicity. Should DMSO ultimately turn out to
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be a bad co-solvent acetonitrile will therefore be a backup. One of the differences between
DMSO and acetonitrile is also that DMSO is a slightly oxidising solvent while acetonitrile
is a slightly reducing solvent.
An effect has been observed upon mixing silver nitrate containing DMSO with SU-8
2002. The compatibility disappears when the silver nitrate concentration increases above a
certain value. The exact value is not known as it appears to be changing with temperature,
but in general it lies between 0.5 g/ml and 0.6 g/ml.
6.2.2 SU-8 Reactivity
When auric chloride was mixed with SU-8 nanoparticles were quickly formed. Formation
of nanoparticles has also been observed when silver nitrate and the co-solvent are mixed
with SU-8, although at a much slower rate. In one experiment 10 mg of silver nitrate was
dissolved in 2 ml of ethanol before 1 ml of acetone and 1 ml of SU-8 2002 was added. This
results in the formation of a grey precipitate over time.
To understand which chemical is responsible for initiating the formation of nanoparticles
a small experiment was performed. Three vials were prepared with using the following
procedure.
1. 33 mg of silver nitrate is dissolved in 6 ml of 96 % ethanol.
2. 3 vials are filled with 2 ml of the silver nitrate containing ethanol in each.
3. 1 ml of acetone is added to two of the vials.
4. 1 ml of cyclopentanone is added to one of the vials containing acetone.
The vials were then observed over time to see if any colour change appeared. It was
found that as long as the vials were not stored in direct sunlight, no change could be
observed.
To see the influence of UV irradiation the vials were placed in a UV box for 30 s after
which the colour of the liquids were again evaluated. The resulting colours can be seen in
Figure 6.3.
As seen from the figure only the vial containing cyclopentanone has experienced a
colour change. It can therefore be concluded that ethanol and acetone cannot initiate the
formation of nanoparticles, but that cyclopentanone together with UV light can.
An experiment was also performed with silver nitrate dissolved in DMSO and SU-8.
0.5 g of silver nitrate was dissolved in 1 ml of DMSO and mixed with 2 ml of SU-8 2002. In
a timespan of roughly 10 min the colour changes to yellow similar to that of the synthesised
silver nanoparticles described in chapter 3. As time passes the colour darkens before it
eventually becomes clear liquid with visible grey precipitate of silver particles.
As nanoparticle formation happens when SU-8 is added, even without any UV irradia-
tion a conclusion can be drawn. Cyclopentanone, although able to form nanoparticles are
not the main initiator. One or more of the remaining SU-8 ingredients must therefore be
60
6.2. SILVER COMPOSITE
Figure 6.3 – A picture showing the three vials containing a) silver nitrate and ethanol,
b) silver nitrate, ethanol and acetone and c) silver nitrate, ethanol, acetone and cy-
clopentanone. The vials have been given a 30 s UV exposure and it is clear that only the
one with cyclopentanone has changed its colour indicating the formation of nanopar-
ticles. If b) appears to be darker than a), then this is just a shadowing effect from
c).
responsible for initiating the nanoparticle formation. It has, however, not been possible to
test the remaining ingredients separately.
It finally concluded that no matter which solvent is chosen as the co-solvent a SU-8
stock solution with the metal precursor cannot be made. The silver nitrate containing
co-solvent must therefore be mixed with SU-8 just before use to minimise nanoparticle
formation before spinning.
6.2.3 Initial Composite Test
It was found that with the use of DMSO as co-solvent, silver nitrate can be mixed directly
with SU-8 2002. Nanoparticles will form over time, but a reaction time of at least 10 min
makes it possible to deposit the photoresist on the wafer before nanoparticles renders spin
coating impossible. Some initial tests are done in the lab to see if a structurable silver
nanocomposite can be made.
A Delta 10 TT spinner from SU¨SS MicroTec, shown in Figure 6.4, and a custom build
UV chamber, shown in Figure 6.5, are used for deposition and structuring. The TT in the
spinner name stands for Table Top. The initial tests are performed on 50 mm wafers.
As was previously explained, section 1.5, micro- and nanofabrication is done in a clean-
room to avoid particles. Particles on the wafer will be problem during spinning when the
process is performed in a standard lab. The amount of particles will therefore have to
be reduced. The method which has been adopted in this project for removing unwanted
particles is the Piranha clean which is normally not used for pre-treatment of wafers before
resist spinning.
A piranha clean consists of concentrated sulphuric acid (98 %) and hydrogen peroxide
(30 %) in the ratio 4:1. The ratio does not have to be exact as others use ratios of 5:1 or 3:1.
A correct mixing procedure is however important due to safety reasons. Hydrogen peroxide
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Figure 6.4 – Picture of the used
Delta 10 TT spinner from SU¨SS Mi-
croTec. The wafer is placed on the
pedestal to the left, while the control
panel on the right is used for setting
the parameters.
Figure 6.5 – Picture of the used UV
chamber. The wafer is placed in the
drawer with a mask on top of it when
exposed to UV. The total effect of the
UV chamber is unknown.
has to be added to the sulphuric acid and not the other way around as the solution almost
instantly heats up to the working temperature of ≈ 70◦C and is potentially explosive. This
is an important thing to remember as it is opposite the rule for mixing acids and water.
The piranha clean is a very aggressive process which removes all organics and alkali ions
and is therefore often used for removing contaminants on wafers or cleaning glassware. The
process will also hydroxylate most surfaces, meaning that there will be OH-groups at the
surface making it hydrophilic. A hydrophilic surface is, however, bad when spin coating.
Photoresists, and especially SU-8, have huge adhesion problems on hydrophilic surfaces.
This is also why the humidity in a cleanroom is closely controlled. In an attempt to
overcome the hydrophilicity caused by the Piranha clean, the wafer is placed on a hotplate
with a lid, set at 250◦C for at least four hours. The lid should hopefully prevent too many
particles settling on the wafer again. The high temperature drives out most of the water
from the wafer which makes it possible to spin coat SU-8.
After heating, the wafer is quickly transferred to the spinner and a mixture of 2 ml
SU-8 and 0.5 ml of AgNO3 in DMSO is immediately spun on in order to keep the particle
contamination as low as possible.
A spinning speed of 300 RPM is used for 10 s while the resist is being poured onto
the wafer, then the speed is increased to 1000 RPM for 30 s. It was not possible to use
a higher spinning speed as this resulted in all the resist being spun off leaving an empty
wafer with no resist thinfilm.
The inability to use high spinning speeds could be a result of the Piranha treatment.
It has been attempted to spin coat wafers without the Piranha treatment, but this has
resulted in very poor covering of the wafer due to particles. A solution could be to increase
duration of the heat treatment or the temperature to improve dehydration of the wafer.
After spinning the wafers are placed on a hotplate set at 95◦C for 10 min before being
placed in the custom build UV chamber using non collimated light for 1 min. A patterned
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Figure 6.6 – This illustration shows how the resolution marks on each mask is con-
structed. The marks can be used to see what resolution has been obtained, and if the
resist is over or under exposed. The black line and the red oval are not part of the
mask.
mask is placed on top of the wafer to give some structures. The used mask includes
resolution marks consisting of lines and squares. These structures, which are shown in
Figure 6.6, can be used to evaluate the quality of the exposure and development.
SU-8 is cross-linked when achieving a sufficiently large energy dose at 365 nm. The
dose varies depending on the film thickness, but lies below 100 mJ/cm2. If too high a
dose is applied cross-linking will happen in unwanted areas resulting in a distorted image.
The used UV chamber emits light in a very broad spectrum and with a high intensity.
Integrating the intensity spectrum has given a total effect of 82 mW/cm2, but as the tubes
deteriorate over time the exact value is unknown. The broad spectrum and high intensity
makes it impossible to achieve good resolution, but it is possible to see if structuring is
possible.
After UV exposure the wafer is again placed on a hotplate set at 95◦C for 10 min before
being developed for 2 min in propylene glycol monomethyl ether acetate (PGMEA). The
wafer is then rinsed with isopropyl alcohol (IPA) and dried using a nitrogen gun. The total
procedure can be summarised to the following.
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Figure 6.7 – Microscope picture
of SU-8 2002 silver nanocomposite.
The structures seen are the part of
the resolution marks below the black
line shown in the schematics of Fig-
ure 6.6. It does not resemble that
well, but the lines angled at 90 de-
grees can be seen as well as the large
square below. The small teeth on the
big squares were originally the num-
bers.
Figure 6.8 – A microscope picture
of cross-linked SU-8 2002 resolution
marks. The structures should resem-
ble the one shown in the red circle in
Figure 6.6, which is does not.
1. Silver nitrate is dissolved in DMSO to obtain a solution concentration of 0.5 g/ml.
2. A 50 mm silicon wafer is given a Piranha clean (4:1 sulphuric acid and hydrogen
peroxide) for 10 min.
3. The wafer is cleaned with Milli-Q water for 10 min.
4. The wafer is placed on a hotplate with lid set at 250◦C for at least 4 h.
5. 0.5 ml of DMSO with silver nitrate is mixed with 2 ml of SU-8. The silver nitrate
concentration can be adjusted as preferred.
6. The wafer is placed on the spinner and the SU-8 mixture is spun on. The spin-
ning parameters are: Dispense step; 300 RPM for 10 s, acceleration of 100 RPM/s,
thickness definition; 1000 RPM for 30 s, acceleration of 300 RPM/s.
7. The wafer is transferred to a hotplate set at 95◦C and baked for 10 min.
8. The wafer is transferred to a UV chamber and a mask placed on top of it before it is
given a 1 min UV exposure.
9. The wafer is transferred to a hotplate set at 95◦C and baked for 10 min.
10. The wafer is agitated for 2 min in PGMEA to develop the structures.
11. The wafer is rinsed with IPA and dried using a nitrogen gun.
After this process the wafer is examined using a microscope, the result is shown in
Figure 6.7. The same procedure, but without any silver nitrate, has also been followed,
giving the result shown in Figure 6.8.
If there had been no cross-linking of the polymer only a bare silicon wafer would have
been seen. Since some resist is found cross-linking and thereby structuring has happened.
Both microscope pictures show structures which, at best, can be described as terrible. It
can be hard to see what the pictures resemble, but as it is known that it is the resolution
marks similarities can be found.
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Figure 6.9 – SEM image of an in situ silver nanocomposite. The image shows that a
lot of particles have been formed.
No attempts have been made to improve the result as this test was merely used as a
proof of concept to indicate that structuring was possible.
A wafer has also been made using a process without a mask and with no development.
This wafer was then examined using a SEM to confirm the formation of nanoparticles. The
result is shown in Figure 6.9.
The SEM image confirms that silver nanoparticles or clusters of nanoparticles have
been formed. The magnification is not high enough to determine the size, but they appear
to have a size of at least 100 nm. As mentioned one of the disadvantages of the in situ
formation of nanoparticles is the lack of control over particle size and shape. Nothing can
therefore be done if the particles are too large for the desired application.
Plasmonic Absorption
The plasmonic absorption of the in situ silver nanocomposite is also measured and com-
pared to that of silver nanoparticles in cyclopentanone.
A two fold dilution series have been made to also see how the plasmonic absorption
changes with precursor concentration. The dilution series are made from a stock solution of
0.5 g/ml of AgNO3 in DMSO. Ten samples with 2 ml of SU-8 2002 and 1 ml of the AgNO3
solution are made, in a manner such that the maximum AgNO3 amount is 500 mg and the
lowest is roughly 1 mg. They are all spun on fused quartz wafers, exposed to UV and given
a 95◦C heat treatment. Some representative results are shown in Figure 6.10. The image
shows that the absorption maximum only varies within 2 nm for most of nanocomposites,
and that an increased precursor amount as expected results in a higher absorption. The
result for the ∼3.9 mg AgNO3 is the lowest which can be achieved as no peaks are seen for
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Figure 6.10 – Absorption spectra for some selected silver nanocomposites. The position
of the absorption peak only varies with 2 nm between three of the nanocomposites, but
is red shifted with roughly 10 nm compared to the nanoparticles in cyclopentanone and
the last nanocomposite.
the 2 mg and 1 mg composites. The absorption maximum for all samples varies between
450 nm (500 mg sample) and 443 nm, except the single outlier at 432 nm shown in the
figure.
The general red shift compared to pre synthesised nanoparticles in cyclopentanone is
consistent with the SEM image showing 100 nm large particles. The single outlier does
indicate that it is possible to achieve an absorption peak at the same wavelength as the
previously synthesised particles.
6.3 Sum-Up
It was found that it is possible to fabricate an in situ gold nanocomposite, but with large
variation of particle size. Auric chloride can be dissolved directly in SU-8, but nanoparticles
are formed within 20 s.
It has all in all been shown that it is possible to fabricate an in situ silver nanocomposite
which can be structured using UV light. Silver nitrate cannot be directly dissolved in SU-8
and a co-solvent must be used. The preferred solvent is DMSO, but ethanol can also be
used together with SU-8 2.
It has been found that the plasmonic absorption increases with added precursor amount,
and that the absorption maximum is in general red shifted with 10 nm. If the silver nitrate
precursor amount was decreased below 3.9 mg no absorption peak could be distinguished.
From all the experiments performed so far the overall conclusions are as follows.
• Ex situ gold nanocomposites with pre grafted particles are preferred over in situ gold
nanocomposite.
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• In situ silver nanocomposites are preferred to ex situ silver composites.
• All nanocomposites can be structured.
The next step is to optimise the entire process such that a homogeneous spinning and
a good resolution are achieved.
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Process Optimisation
It has been shown that both gold and silver nanocomposites can successfully be made. So
far the work has mostly been on a proof of concept level, which means that in order for
the nanocomposites to become really useful a process optimisation must be done.
Processing of SU-8 resulting in interesting MEMS structures have been extensively
explored. Adding co-solvents, nanoparticles or nanoparticle precursors to the photoresist
will dramatically influence the processing parameters relative to the original photoresist.
The nanocomposites in this project are made from highly modified SU-8 and standard
recipes can therefore not be expected to work without further modifications.
The first process optimisation has been carried out inside the DTU Danchip cleanroom
to eliminate the effects of the poor micro- and nanofabrication environment in the lab. The
cleanroom also contains more specialised equipment designed for the purpose. Each step
of the UV lithography process will be thoroughly explained and the possible parameters
to be adjusted will be described depending on the used machine.
In the end the final process recipe used will be stated.
7.1 UV Lithography
UV lithography is a relative simple process which only involves these steps.
1. Deposition of resist on substrate.
2. Exposure of resist with UV light through a mask.
3. Development of resist to achieve desired pattern.
After this you can transfer the pattern to the underlying substrate using various methods
and then remove the resist again.
This is sort of true, but the process does involve several steps more. At the same time
UV lithography is only simple once the process has been optimised as many parameters
can be adjusted along the way.
The complete process involved in this project includes the following steps.
69
CHAPTER 7. PROCESS OPTIMISATION
1. Pre-treatment of substrate.
2. Spinning of resist.
3. Soft bake.
4. UV exposure.
5. Post Exposure Bake (PEB).
6. Development.
7. Soft- or hard bake.
These seven steps will individually be explained followed by the actual optimisation per-
formed.
Some steps of the process may vary with the choice of wafer material. All descriptions
are based on silicon wafers, but will, unless otherwise mentioned, also work for fused silica
wafers.
7.1.1 Pre-treatment of Substrate
A pre-treatment of the substrate is done to ensure that the resist will adhere to the surface
and that there will be a nice and homogeneous coverage. In subsection 6.2.3 a Piranha
clean was used as a pre-treatment, but this will not be considered again as particles should
not be a problem within the cleanroom.
Several treatments or adhesion promoters can be used to achieve good homogeneous
coverage, but the consideration here will only be on the most used one at DTU Danchip.
HF Dip
A dip in hydrofluoric acid (HF) just before spinning resist is a standard way to treat a
silicon wafer. Adhesion to silicon are for the most resists better than to oxides, and by
dipping a silicon wafer in HF the native oxide which has been formed on the surface will
be removed leaving just the silicon.
This process is mostly used for new wafers where the surface has not been exposed to
any kind of treatments. This pre-treatment sounds like a good choice for this project as
well, but experience has shown that it does not work for SU-8. This is mainly because the
wafers are cleaned for several minutes in water after being dipped in HF.
This step is not applicable for a fused silica wafer as it would start etching the entire
wafer.
HMDS Treatment
Another popular pre-treatment of wafers are a chemical treatment with hexamethyldisi-
lazane (HMDS). Priming the wafer with HMDS leaves a mono-layer of trimethylsilyl (TMS)
on the surface of the substrate. The process will somewhat dehydrate the surface due to an
elevated temperature during the process, and the mono-layer will result in a lower surface
energy.
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The process is the most used method for increasing adhesion by creating a hydrophobic
surface. This also sounds like a promising pre-treatment for the wafer, but it is mainly
used for the AZ R© resists which are the most used resists in the cleanroom. It is also used
for wafers with oxide layers as these cannot be dipped in HF.
250◦C Oven
The preferred way to maximise dehydration of the substrate is to place them in a 250◦C
oven for at least four hours, preferably longer. This long baking at high temperature drives
out all the absorbed water from the substrate and is especially used before spinning tricky
resists like SU-8.
The process is simply to take any new wafers and place them in the 250◦C oven several
hours before use. In general several hours have in this project always meant at least putting
the wafers in the oven the day before use. After spending the night in the 250◦C oven all
water should effectively have been driven out of the wafer.
Sum-Up
Of the standard pre-treatments the HF dip is the worst candidate and discarded due to the
wafer being washed in water. HMDS looks like a good alternative, but previous experience
with SU-8 has shown that a 250◦C treatment has a higher chance of success.
The preferred pre-treatment will therefore be the 250◦C which will not be tested sep-
arately, but evaluated together with the resist spinning. The entire pre-treatment should
be reconsidered if the final result is not at desired.
The spinning which will be explained in subsection 7.1.2 did not result in any adhesion
problems between the wafer and the resist which can be correlated to the pre-treatment.
A 250◦C heat treatment has therefore been used consistently throughout the remaining
cleanroom work.
7.1.2 Spinning of Resist
The spinning process will be explained with regards to the possibilities of an OPTIcoat
SB20+ from ATMsse GmbH as this machine has initially been used.
The spinning of resist can be divided into two different steps, each with three parameters
to adjust. The first step is called a spreading cycle where the wafer spins at a slow speed
while the resist is being poured onto it. The spinning ensures continuously movement of
the resist which helps to avoid areas with higher spin resistance due to fast evaporation.
The spinning should also ensure that resist which flows off the wafer is spun away instead
of attaching to the backside of the wafer due to surface tension.
The second step is called thickness definition and is where the final thickness of the
resist is defined by increasing the rotational velocity.
In both steps the parameters to be varied is RPM, time and acceleration.
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The RPM defines the final rotational velocity, the time defines how long time the
spinning will be performed at the maximal velocity and the acceleration defines how fast
the wafer will go up in speed (and down again).
In a standard recipe the spinning time would be kept constant at 30-60 seconds and
the RPM varied. Using a constant spin time and varying the RPM a spin curve can be
constructed showing the final resist thickness as function of spin speed.
The acceleration is mostly relevant for ensuring no abrupt velocity changes which could
result in inhomogeneities or other unwanted effects.
Test of Spinning Speed
Since the adhesion properties of SU-8 is likely to change due to the addition of an extra
solvent the optimal spinning speed with regards to homogeneity and defects such as edge
beads have to be found. Edge beads are a common result of resist spinning, either because
of low spinning speed or high viscosity of the resist. The edge beads will, if not removed,
result in lower resolution during the UV exposure step due to an increased distance between
mask and resist.
The maximum resolution or critical dimension can theoretically be calculated with this
formula:
CD =
3
2
√
λ
(
dp +
tr
2
)
, (7.1)
where λ is the wavelength emitted from the aligner, dp is the proximity distance between
the mask and the resist film and tr is the thickness of the resist film.
The edge beads, which can have a thickness of several times the deposited film, increases
dp above the ideal value of zero. This could mean that for a resist thickness of 1 µm a dp
value of 4 µm compared to 0 µm would result in an increase of the critical dimension by a
factor of three.
The optimal spinning speed is found by spinning 4 ml SU-8 2002 mixed with 1 ml
DMSO on wafers at different spinning speeds for 30 s. A summary of the spin results can
be seen in Table 7.1.
These results are not promising as no defect-free and homogeneously covered wafers
have been obtained. 1100 RPM is preferred as the best compromise as it is not preferred
to also include an edge bead removal step in the process. This spinning speed does also
somewhat resemble what was used in subsection 6.2.3.
Besides the test of optimal spinning speed, testing was also done with regards to sta-
tionary or dynamic dispense of the polymer. In stationary dispense the spreading step is
omitted and resist poured directly onto a stationary wafer, while the resist is being poured
onto the wafer during the spreading step in dynamic dispense. The result of these test was
that resist would get to the backside of the wafer if stationary dispense was used. Some
testing was also done to find the best parameters for the spreading cycle, but ultimately
it was decided to use 300 RPM for 10 s such that both the spreading and the thickness
definition step resembled that of the lab experiments.
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Table 7.1 – A table showing the tested spinning speeds and the corresponding result
obtained at the Opticoat.
Spin speed Result
2500 RPM Most resist is spun off the wafer.
2000 RPM Lines without resist seen on the wafer.
1500 RPM Some spots with no resist seen.
1200 RPM Single spot without resist observed.
1100 RPM Good somewhat homogeneous coverage with few edge beads.
1000 RPM Good homogeneous coverage, but large edge beads and edge defects.
Figure 7.1 – Picture of a new Opticoat spinner. Everything within the white ring is
part of the chuck and rotates. The grey part in the middle is an insert which can be
exchanged depending on the use of the machine.
An Additional feature of the Opticoat is that it, within some limits, can spin with or
without an automatic lid. It was also tested to see which option gave the best results
during the thickness definition step, but no difference could be observed. It was chosen
not to use the lid during spinning as it is then possible to see if something goes wrong.
The reason for the generally bad coverage when spinning resist films on this spinner
originates from a bad horizontal alignment and/or wobbling of the chuck. The spinner
itself is nicely aligned as it is built into the table on which it stands. The chuck is however
very large and cannot be perfectly aligned. On top of this the chuck has different insets
depending on the size of wafer needed to be spun. These insets are by no means perfect.
This all results in a none-horizontal wafer which experiences wobbling during spinning
which then again lead to poor spinning results. A picture of a new Opticoat spinner is
shown in Figure 7.1.
This should complete the spinning part and the process continued with UV exposure,
but alas, had it only been so easy. Shortly after having done the spin speed optimisation
tests on the Opticoat, it was taken out of use since the motor was removed to repair another
machine. The spinner was therefore not available for the majority of this project.
This meant that something had to be done, and after some time permission was granted
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Figure 7.2 – Picture of a WS-650 spin coater. The spinner is placed directly on the
table and the wafer on the center pedestal.
to proceed with the process on a different spinner. This spinner was a WS-650 spinner from
Laurell Technologies Corporation, and as it was a completely different machine spinning
tests had to be done all over again. A picture of a WS-650 spinner can be seen in Figure 7.2.
Better results was obtained using the WS-650 spinner at velocities between 1000 RPM
and 2000 RPM in terms of homogeneity across the wafer and edge defects. The WS-650
is a small moveable spinner without a large chuck like the Opticoat. The WS-650 has a
small center pedestal resulting in no chuck wobbling. The spinner cannot be horizontally
adjusted in itself, but as long as it is placed on a horizontal surface everything should be
okay.
The WS-650 is a simpler instrument than the Opticoat. The recipes on the Opticoat
can contain several steps, all with different acceleration, spinning speed and spinning time,
whereas the WS-650 uses predefined recipes where you can choose the spinning speed, but
the spinning time is fixed at 1 min and the acceleration at 500 RPM/s. The WS-650 has
been used for making spin curves using the following procedure.
1. The wafer is placed on the pedestal using the positioning tool, the vacuum is turned
on and the lid closed.
2. 0.5 ml of co-solvent is mixed with 4 ml of SU-8.
3. The SU-8 mixture is manually dispensed to the center of the wafer through the hole
in the lid using a transfer pipette.
4. The spinner procedure is then quickly started.
5. After spinning the wafer is placed on a hotplate set at 95◦C.
6. The wafer is broken in half and the thickness found using SEM.
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Figure 7.3 – The result of spin test performed with 0.5 ml of DMSO, acetonitrile
and 96 % ethanol mixed with 4 ml of SU-8. The spin curve without added solvent is
taken from the DTU Danchip labadvisor while the other thicknesses are evaluated by
breaking the wafer in two and examining the cross section in a SEM. All data has
been fitted with a logarithmic function. The fits are seen to be in good agreement with
the measurements, but with larger deviations for the pure SU-8 due to less precise
measurements.
This procedure was first used for the co-solvent DMSO and later acetonitrile together
with SU-8 2002 as well as for 96 % ethanol and SU-8 2. The spinning was done at five
different speeds between 1000 RPM and 5000 RPM. If the film thickness of the deposited
photoresist is then measured a curve displaying the resist thickness as a function of rota-
tional velocity can be made as shown in Figure 7.3.
It is expected that the thickness of the resist decreases when adding a co-solvent as
the resist is diluted and the viscosity reduced. The results are in agreement with this.
The addition of DMSO is seen to lower the thickness of the deposited resist more than
with acetonitrile. The SU-8 2002 with acetonitrile and the SU-8 2 with 96 % ethanol gives
almost identical results.
The most used resist thickness used at DTU Danchip is 1.5 µm. 1500 RPM is therefore
chosen as this results in a similar resist thickness. The resist thickness lies between 1 µm
and 1.75 µm for all co-solvents when this speed is used. Spinning time and acceleration
are fixed and those predefined values are therefore used. As it also only possible to do a
one step process the stationary dispense is also adopted.
The observant reader will have noted that the amount of solvent changed from 1 ml at
the Opticoat to 0.5 ml at the WS-650. This change shall be seen in the light of an effect
discovered when spinning resist using a stock solution of 0.5 g/ml AgNO3 in DMSO.
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Figure 7.4 – Optical microscopy pic-
ture at 2.5 times magnification of
a wafer on which SU-8 2002 with
0.5 ml of 500 mg/ml AgNO3 in
DMSO has been spun on. The re-
sult is large islands consisting of ag-
glomerated silver nanoparticles. The
islands are very different in size
and randomly distributed across the
wafer.
Figure 7.5 – Optical microscopy pic-
ture at 2.5 times magnification of
a wafer on which SU-8 2002 with
0.5 ml of 250 mg/ml AgNO3 in
DMSO has been spun on. The re-
sult is silver nanoparticle agglomer-
ates of similar size homogeneously
distributed within the polymer.
Effect of Metal Precursor Concentration
It was discovered that at high silver nitrate amounts the spinning was suddenly not homo-
geneous at all. What can only be described as an inability for the SU-8 to contain high
silver nitrate amounts while being rotated at high speeds resulted in large islands of silver
visible after spinning. This effect can clearly be seen in Figure 7.4.
Reducing the silver nitrate amount when spinning, results in nice homogeneous films
as seen in Figure 7.5. Silver nanoparticle agglomerates can still be seen, but as they are
homogeneously dispersed it does not really matter. It must also be mentioned that the
picture is taken after the polymer has been hardened as it can otherwise not be handled.
Many of the particles may have been formed during this baking step, but for the high
amount of silver nitrate the silver islands was definitely there after spinning.
As it was shown that high silver nitrate loadings in the co-solvent resulted in inhomo-
geneities it was decided to use 0.5 ml of co-solvent and not 1 ml as was initially used. It
is an advantage to minimise the amount of used co-solvent to ensure as little difference
between the nanocomposite mixture and the photoresist.
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7.1.3 Soft Bake
After spinning, a soft bake is performed to remove most of the solvent from the resist
before exposing it to UV. This step is important for the handling of the resist as it might
otherwise flow of a non-horizontal wafer, or it will stick to the UV mask in the following
step if in contact. The baking step can be further divided into two or more steps depending
on the complexity of the baking process selected.
For a two-step process the first one will be a ramping step where the temperature is
gradually increased to the desired temperature and the second step a baking step where
the temperature is kept constant for a period of time.
For this two-step process three parameters can be adjusted; temperature, ramping time
and baking time.
The temperature defines what final temperature the wafer should be baked at and
the baking time defines for how long time. The ramping time defines how fast the final
temperature is reached. The ramping could be programmed for a 1◦C/min increase if
desired. To achieve this the ramping time would have to be set at 30 min if the room
temperature was 20◦C and the final temperature wanted was 50◦C.
For this two-step process the hotplate will turn off once the baking time has expired and
the wafer will therefore cool down to room temperature at the same rate as the hotplate.
A ramping down step can be added to ensure a slower decrease in temperature if needed,
but this will only be effective at high temperature differences where the hotplate will still
need to be turned on in order to prevent a too rapid decrease in temperature. At low
temperature differences the desired ramping will not be possible unless a hotplate with
build-in cooling is used.
The temperature ramping is used to prevent thermal stresses within the polymer due
to large temperature differences during heating.
If desired this process could be expanded to include several baking and ramping steps
for more advanced baking purposes, but it is hard to see the necessity for this during this
process.
The supplier recommends a soft bake of 1 min at 95◦C for a resist thickness of 0.5-2 µm
[51]. The standard processing at DTU Danchip is however 10 min at 95◦C with a ramp
of roughly 1◦C/min. It was decided to use the DTU Danchip standard of 10 min at 95◦C,
but with a much faster ramping because of the hotplate.
Due to problems in the following steps the cleverness of this decision was never really
evaluated, but will have to be considered for future work.
7.1.4 UV Exposure – Part 1
The UV exposure defines the pattern in the resist when it is exposed through a mask. The
pattern is defined either by cross-linking of the resist in the exposed areas (negative resist),
or by bond breaking in the exposed area (positive resist). The machine used for standard
UV exposures is called a mask aligner.
This step is perhaps the most important one in the micro- and nanofabrication process
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Figure 7.6 – Picture of an EVG620 mask aligner. The left part is an automated
system for aligning while the left part contains the lamp, filters, hard and software etc.
and also involves several parameters to be adjusted. There are also many different settings
which can be changed in this step. For this project a Double Side Mask Aligner EVG620
has been used and all parameters and possible settings will refer to this machine. A picture
of a EVG620 is seen in Figure 7.6.
It is important to ensure that this step is optimised as the results can otherwise be
horrendous. One of the main issues to be considered is over- or under exposure. This
means that the resist either receives too much or too little UV exposure. For a negative
photoresist like SU-8 an over exposure will result in larger structures than desired because
the photo acid generated by the UV exposure will diffuse beyond the boundaries defined by
the mask. Small structures close to each other will merge into one indistinguishable blob,
which is what happened back in Figure 6.7 and Figure 6.8. For under exposed SU-8 the
structures will be smaller than desired and connecting structures may not be connected at
all.
For all optimisation done during this step a silicon wafer is used on which SU-8 2002
with DMSO and silver nitrate has been spun on at 1500 RPM.
First of all the right filter should be chosen for the aligner. Several types can be used
depending on the need. A typical mask aligner, and the EVG620, has a mercury lamp
as the light source. This kind of lamp is usually chosen because of the spectral lines at
436 nm (g-line), 405 nm (h-line) and 365 nm (I-line). The filter then ensures that only
the desired wavelength at the desired intensity will reach the resist. As an example of
filters these could be an I-line filter insuring maximum intensity of the I-line or a SU-8
filter which effectively eliminates low wavelengths, but also reduces the intensity of the
I-line to 50 %. It is important to remove small wavelengths when working with SU-8 as
it has a high absorption at low wavelength making correct dosage hard to achieve. Other
filters around the g- or h-line could also be available, but are not that interesting for this
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application.
Secondly a decision can be made whether or not to do purge with nitrogen during
exposure. Purging with nitrogen or other inert gasses, can be used to remove contaminants
from the air. These contaminants could be oxygen or products generated when the resist
is exposed to UV light. For some resists contaminants are not a problem, while others will
not cross link at all without purging. Purging should not be necessary with SU-8.
Possibilities to add purges both before and after exposure also exist with some of the
same arguments as before.
A third setting is also available; either constant- or interval exposure can be used.
For short exposure times constant exposure should be used, while for long exposure times
interval exposure should be used. Long and constant exposure with UV light will cause
the resist to heat up and maybe form a protective skin on the top which prevents the
underlying layers from polymerising. This phenomenon is also known as T-topping.
An interval exposure allows the resist to cool down between each exposure. A further
setting can be made within both constant- and interval exposure as either constant time
or constant dose can be chosen. Constant dose should in principle be the best, but the UV
integrator used for constant dose is not precise enough on the EVG620 to be a reasonable
choice.
In constant exposure there is only one parameter to adjust, either the exposure time
or the exposure dose depending on which type of constant exposure has been chosen. In
interval exposure more parameters can be adjusted. Again there is the choice of exposure
time or -dose, but this time the number of cycles should also be chosen as well as the wait
time between each cycle.
A choice about positioning of the mask must also be made. Several possibilities exist
regarding this as; proximity, soft contact, hard contact or vacuum contact can all be chosen.
There is no contact between the mask and the wafer in proximity mode. The choice of mask
positioning mainly affects the achievable resolution as proximity will result in diffraction
between the mask and the resist increasing the size of the structures. If there are height
differences in the photoresist thickness across the wafer the contact modes can eliminate
some of these as the mask is pressed into the resist. The downside of the contact modes are
that the mask will be contaminated with resist residues which again means that the mask
will have to be cleaned frequently if identical results are to be achieved. Another downside
especially apparent with vacuum- and hard contact is the possibility of the resist and wafer
to stick to the mask which is not at all desirable. If proximity is used the separation gap
between mask and substrate can also be adjusted.
There is also the possibility to use flags during mask alignment which should be con-
sidered when choosing which contact mode to be used. Flags are small metal pins used to
ensure that the mask do not touch the resist during the process of aligning and adjusting
the mask to the wafer. The mask is moved into contact with the wafer for wedge adjusting
to ensure perfect alignment between the mask and the wafer. The flags are important when
using the proximity setting as the idea of the mask not touching the resist will otherwise
be lost. For hard- and vacuum contact the effect of flags are properly minuscule.
Although even more obscure settings can properly be found, these are the only to be
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Table 7.2 – There are many settings and parameters on the EVG620 which can be
changed and adjusted. Some of the major settings which have been varied are shown in
this table.
Parameter Possible Configurations Comments
Exposure Four possible configurations. Time
or dose dependent, and for both of
them either constant time/dose or
interval.
Only the constant time or time
interval options have been con-
sidered.
Filters Four possible configurations; de-
fault, I line, SU-8 or C-TYP
All settings have been tried, but
appears that it is only a soft-
ware setting without any effect
on the exposure.
Mask contact Four possible configurations; prox-
imity, soft, hard or vacuum.
Only proximity and soft con-
tact have been used. The set-
ting does not affect the expo-
sure, only which critical dimen-
sions can be achieved.
Purge during
exposure
Two possible configurations; yes or
no.
Flushes with nitrogen during
exposure, both settings have
been tried.
Alignment First print and print, both comes in
a top or bottom side and automatic
or manual mode.
Only top first print manual has
been used as we do not need
alignment.
Purge before
or after expo-
sure
A purge can be added both before
and after an exposure if wanted.
None of the possibilities for
adding extra purges either be-
fore or after the exposure have
been used.
Flags Two possible configurations, in or
out
Flags in has always been used.
considered during this project. Several settings have been tested, and Table 7.2 summarises
the parameters of the EVG620 together with some comments on what have been tested.
It should be clear that there are many parameters which can be adjusted during this
step, which means that process optimisation can be extremely time consuming.
As standard the EVG620 has an SU-8 filter which only leaves the I-line (365 nm),
but at a reduced intensity. The intensity of the I-line has been adjusted to approximately
7 mW/cm2, which is significantly different than the UV chamber used in the laboratory.
The SU-8 supplier recommends an exposure dose of 60-80 mJ/cm2 for film thickness’s
between 0.5-2 µm [51]. With an effect of 7 mW/cm2 this corresponds to 10 s of exposure.
This exposure dose is optimised for silicon wafers and should for glass wafers be increased
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by 50 % [51].
It is expected that the nanoparticles will influence cross linking and an increased expo-
sure time of 1 min or 6 times the recommended dose is therefore initially tried. During the
following step, development, all photoresist was however removed from the wafer indicating
insufficient cross linking. Numerous experiments have therefore been performed where the
exposure time is gradually increased up to a total exposure time of 30 min. None of these
experiments did however improve the final result after development as all photoresist was
removed. The exposure time has not been increased above 30 min as this is already an
absurdly long exposure time.
Failure is however not an option as the initial lab experiments showed that it is possible
to have deposited photoresist after development. changes will therefore have to be made
to the process.
The long exposure dose entails switching to interval exposure to prevent possible
T-topping. As a rule of thumb intervals should be used when the dose exceeds 250-
300 mJ/cm2, which is reached after 36-43 s with the used intensity. Interval exposures
of 30 s UV followed by a 30 s waiting time was therefore chosen. The interval exposure
should allow the resist to cool down between exposures. These interval exposures have
again been done up to a total exposure time of 30 min. These experiments did not result
in any improvement.
The next attempt was to include a nitrogen purge during exposure to see if this could
help. Unfortunately no improvement was found with this approach.
Then all the possible filter combination was tried, meaning that instead of selecting
the standard SU-8 filter in the software, both I-line, C-TYP and default was tried. It has
however later been found that this is a software setting which is only relevant for constant
dose exposures. As a result no improvement was of course found.
Despite the many attempts to structure the nanocomposite only failures were achieved.
Additional consideration must therefore be given to reasons behind the inability to struc-
ture.
When SU-8 is correctly exposed a faint image of the mask should appear in the resist
when placed on the PEB hotplate [51]. After the very long exposure tried in this project
the mask pattern could be seen in the resist directly after the exposure. As an image can
be seen something is definitely happening, but the process does not follow the guidelines
of when the image should be observable and it should therefore be changed.
The best results which have been seen during development were obtained at random.
At a few instances the resist fell of the wafer in the pattern of the mask which could indicate
bad adhesion to the surface. The main reason for this to happen must be that the top
layers of the resist have been exposed, but the bottom layer in contact with the wafer has
not. If the bottom layer is not exposed, then the resist will not be cross-linked and will
therefore dissolve in the developer releasing everything on top of it.
The problem with lack of adhesion was also described by Jiguet et al. [58], which they
solved by exposing through the backside of a quartz wafer. This method does however
impose several problems. At first you lose resolution as the distance between mask and
resist becomes very large. They solve this problem by depositing amorphous silicon the
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quartz wafer and then structuring this layer so it can be used as a mask. This does however
significantly add to the complexity of the process, and this backside illumination method is
not preferable as the possible usable materials are limited to those transparent in the near
UV range. An additional problem for this method which is not addressed is the resulting
surface roughness which will arise as parts of the top layer will not be exposed and thereby
removed during development. The resist will in the end be irregular with very high surface
roughness further limiting the possible uses.
To find the root of the problem it was decided to do an additional investigation of the
added co-solvent to ensure that it did not affect the behaviour of the photoresist. The only
co-solvent used until this point was DMSO and this solvent was therefore investigated.
DMSO Investigation
It was considered that DMSO could have a quenching effect on the UV light or somehow
limit the photo activity of SU-8. The absorption of DMSO was measured, but showed that
there should be no absorption at the used wavelengths.
Instead a test was performed to see how DMSO affects the photo activity of SU-8. Two
small vials where filled with 3 ml SU-8 in both and an additional 1 ml DMSO in one of
them. Then both vials were given 10 s of UV exposure in the UV chamber in the lab,
after which the colour change was evaluated. To further evaluate the effect the vials were
given an additional two times 10 s exposure, then 30 s followed by 1 min, 3 min, 5 min
and 10 min UV exposure. The total UV exposure time after all exposures are 20 min. The
colour development for both vials has been documented and is shown in Figure 7.7.
From this simple experiment it is clear that the addition of DMSO has a drastic effect
on the cross-linking of SU-8 during UV exposure.
As said, DMSO does not really absorb in the wavelengths used for cross-linking SU-8
and the problem will therefore have to be explained by another effect. Instead the problem
is most likely due to the fact that DMSO is a Lewis base [101] and can thereby stop the
cross-linking reaction as this is initiated by a Lewis acid as explained in section 1.8. When
the choice of co-solvent was made, this should have been considered, but nobody thought
about that.
As DMSO cannot be used the backup co-solvent, acetonitrile, was therefore used instead
for all further experiments. Acetonitrile is not a Lewis base and does not show any sign of
prohibiting the cross-linking of SU-8.
7.1.5 UV Exposure – Part 2
Back in the cleanroom, but with acetonitrile as a co-solvent, the experiments with finding
the correct procedure for UV exposure was continued.
Although the hopes were high with regards to the acetonitrile experiments, it was
unfortunately found that there was absolutely no improvement in the final results.
Several quotes could be given here about falling and then getting back up, but I will
just say that; sometimes life seems hard, and then it hits you in the face with a brick.
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Figure 7.7 – Picture of two vials before and after UV exposure. The top row shows a
vial containing 3 ml SU-8, the bottom row shows a vial containing 3 ml SU-8 and 1 ml
DMSO. Both vials are given the same UV exposure and some selected images; before
exposure, after 10 s UV exposure and after 20 min UV exposure is shown. It is clear
that the vial containing DMSO barely changes colour, which is significantly different
from the pure SU-8 which darkens a lot.
As it had been possible to structure the nanocomposite in the lab as explained in
subsection 6.2.3 additional explanations to the cleanroom failure were considered. SU-8 is
optimised for exposures in the range of 350 nm to 400 nm. Above 400 nm SU-8 is virtually
transparent while at wavelengths below 350 nm it has a high actinic absorption. This
explains why an exposure wavelength of 365 nm is used together with a filter that eliminates
low wavelengths. All experiments in the lab were, however, made using a custom build
UV chamber emitting in a very broad spectrum. To better resemble the lab conditions,
the filter was therefore removed completely from the aligner. Intensity measurements at
the I-line showed an increase from 7 mW/cm2 to roughly 12.4 mW/cm2 which agrees okay
with the expectation of the filter normally reducing the I-line with 50 %.
The first experiment without a filter in the aligner involved an unknown, but very low
concentration silver nitrate. The wafer received 5 min UV exposure and after development
the result was as shown in Figure 7.8.
This first result without the filter is extremely promising. The microscope picture shows
83
CHAPTER 7. PROCESS OPTIMISATION
Figure 7.8 – Microscope image at 50 times magnification showing part of the resolution
marks which are on the wafer. The lines and squares are 10 µm and 5 µm respectively.
The squares are supposed to touch in the corners, which mean that they are almost
perfect. Clusters of nanoparticles can also be seen within the polymer.
well defined structures with only a slight under exposure which should be possible to fix
by increasing the exposure time a bit. At the same time nanoparticle clusters are also seen
within the resist confirming the formation of nanoparticles.
Further testing with different concentrations of silver nitrate in the mixture revealed
that the exposure dose was independent on the concentration. The optimal exposure time
was found to be around 7.5 min, but this is not an exact number. The intensity of the
I-line has varied between 11.80 W and 12.74 W. The intensity difference is equivalent to a
missing exposure of 33 s for the low intensity if the total dose should be the same.
Although the dose appears to be independent of silver nitrate concentration a depen-
dence can properly be found for very small concentrations indicated by the initial result of
only needing 5 min UV exposure. Some additional tests were therefore performed with low
concentrations of silver nitrate to find at which silver nitrate concentration an exposure of
5 min is enough. The lowest concentration of silver nitrate in acetonitrile used for these
tests were 16 mg/ml, but 5 min UV exposure was found not to be enough for this. The
initial result could be a random result, but it is assumed that for very low concentrations
of silver nitrate the exposure dose changes.
Purging with nitrogen during exposure was used when achieving a structured nanocom-
posite. Although purging should not be necessary for SU-8 it was never tested whether
this could be avoided or not.
SU-8 2 Composite
As it was mentioned subsection 6.2.1 ethanol was also chosen as one of the preferred
solvents. It has, however, not been used that much since it requires using SU-8 2 instead of
SU-8 2002. The amount of silver nitrate is also much lower than used in other experiments.
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Figure 7.9 – Microscope image of 10 times magnification of an in situ silver composite
made with ethanol and SU-8 2. The resolution is seen to be good, but the nanoparticle
agglomerates are hard to spot due to the low concentration.
After successfully achieving a structured silver SU-8 2002 nanocomposite with acetoni-
trile a few experiments with ethanol and SU-8 2 were also performed.
The used procedure is identical to the one described for SU-8 2002 and acetonitrile,
but the exposure time only 5 min. The amount of dissolved silver nitrate in ethanol was
10 mg/ml. For this combination the result after development, without removing the filter
from the aligner is as shown in Figure 7.9.
The image clearly shows that this nanocomposite can be structured without removing
the filter. There is still a prolonged exposure of 5 min, but this still provides a secondary
silver nanocomposite.
As 5 min of exposure is enough to get good results it could indicate that the exposure
time changes once the silver nitrate amount decreases to 10 mg/ml or less.
Resolution
The achievable resolution is important, and it has been shown that 5 µm seems to be the
limit for the nanocomposites. The displayed images of resolution marks show that the
10 µm squares are always good while the 5 µm is bit short of perfection. It is, however,
hard to evaluate if this resolution is good or bad without comparing it to what can be
achieved using unmodified SU-8.
The same equipment and procedure is therefore used for a wafer with unmodified SU-8
2002. The exposure is done without removing the filter and for only 10 s. The resulting
resolution marks are shown in Figure 7.10. The image shows that the resolution obtained
with the pure SU-8 is almost identical to what have been obtained with the different
nanocomposites. The 10 µm squares looks good, but the 5 µm could be slightly improved.
The structures shown could be a bit more sharply defined, but are otherwise fine. The
conclusion is that the resolution obtained for the nanocomposites are equally good as what
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Figure 7.10 – Microscope image at 20 times magnification of structured pure SU-8
2002. The 10 µm squares are perfectly developed, but the 5 µm squares could be better.
can be obtained using unmodified SU-8.
This is very important since no special consideration needs to be taken with regards
to resolution when using the nanocomposites of this project. It is also expected that if
procedures and equipment are used which improves the resolution of unmodified SU-8,
then this will equally improve the resolution of the nanocomposites.
7.1.6 PEB
Even though the nice results have already been shown, a few steps have still not been
explained.
After exposure the PEB is performed. This step is very similar to the soft bake step
made before the UV exposure. The PEB removes solvent from the resist and prevents
diffusion of the active chemicals which could expand exposed areas. The baking also
reduces any standing wave phenomenon which could have occurred. Standing waves, where
reflections from the surface results in areas with high and low intensity through the resist,
can result in ridges in the side walls once the resist has been developed.
The same parameters as in the soft bake, subsection 7.1.3, are available to change, and
the process parameters have been chosen to be identical.
7.1.7 Development
The development step is properly the easiest of the steps as this involves agitating the
wafer with exposed resist within a developer suitable for the chosen resist.
The developer dissolves any polymer which has not been cross-linked, or if it was a
positive resist it would dissolve all polymers with broken bonds.
The developer for SU-8 is PGMEA and the only parameter to vary is the development
time.
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The developing procedure used involves two dedicated beakers with PGMEA in which
the wafer is dipped in each for two minutes. The first one is to remove most of the
composite, while the second is to ensure complete development of all the structures. Finally
the wafer is rinsed with IPA and dried using a nitrogen gun.
The development time in each beaker is set to two minutes, but can be adjusted if
necessary. The development is the least critical step in the entire process as the resist can
easily be developed once more if two minutes is not enough to remove all unexposed resist.
If the development time is too long, nothing really happens except whatever boredom one
might experience.
Insufficient development is easy to spot as the rinsing with IPA will causes unexposed
resist to become white.
7.1.8 Soft or Hard Bake
An additional baking step can be applied after development if desired. This baking step
hardens the resist making it more durable such that it can better withstand further pro-
cessing. The hardening of the resist is also important if it is to be used as a structure
itself.
An additional heating step could also release any stresses which have appeared be-
cause of development as well as removing small cracks which could have appeared during
processing.
The developed nanocomposites should be usable for fabricating free standing structures.
A hard bake of 150◦C or 300◦C have therefore been applied to harden the resist. It was
found that this drastically changes the final nanocomposite.
Dilution Series
A dilution series with DMSO was shown in section 6.2.3, if a similar dilution series is made
for an acetonitrile composite the plasmonic absorption is as shown in Figure 7.11.
The spectra shows that for the highest amount of silver nitrate the maximum absorption
lies at 345 nm as with DMSO, while the others are red shifted almost 15 nm. The peaks
are very broad, so the actual difference might be smaller.
Figure 7.12 then shows the plasmonic absorption for the nanocomposite with the high-
est concentration of silver nitrate after the 95◦C heat treatment and after a 300◦C heat
treatment for 30 min.
It can clearly be seen that the high temperature heating has a huge impact on the
nanocomposite. The absorption maximum shifts towards lower wavelengths and is en-
hanced. The spectrum after heating also better resembles that of silver nanoparticles in
cyclopentanone although there is a shoulder at higher wavelengths.
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Figure 7.11 – Absorption spectra for silver nanocomposites made with acetonitrile.
The absorption maximum lie close for two of the nanocomposites while the last one is
shifted more than 10 nm.
Figure 7.12 – Absorption spectra of a silver nanocomposite after 95◦C PEB and after
an additional 300◦C heating for 30 min. An absorption spectrum for silver nanopar-
ticles in cyclopentanone has been added for comparison, and it can be seen that the
absorption maximum for the composites shifts towards lower wavelengths after heating
and more resembles that of bare nanoparticles.
Nanoparticle Formation
To confirm that the heating has resulted in the formation of nanoparticles a silicon wafer
is prepared with the nanocomposite and broken in two pieces. One of the pieces is then
investigated using SEM before it is heated to 300◦C and investigated once more. The
nanocomposite before the 300◦C heat treatment can be seen in Figure 7.13 and after
heating in Figure 7.14. The SEM images clearly show that the increased heat treatment
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Figure 7.13 – SEM image of
a cross sectional view of a silver
nanocomposite after heating to 95◦C.
Some larger agglomerates of around
100 nm can be seen as well as
individual nanoparticles of around
25 nm.
Figure 7.14 – SEM image of a cross
sectional view of a silver nanocom-
posite after heating to 300◦C. Some
larger agglomerates or particles can
still be seen, but the vast majority is
individual nanoparticles of 25 nm.
results in the formation of numerous new nanoparticles, and that no further growth of
nanoparticles or already formed agglomerates can be seen. This explains the blue shift in
wavelength for the absorption maximum as the 25 nm nanoparticles are dominant after
heating, while the agglomerates are more important right after the 95◦C PEB.
A silicon wafer has also been made with an in situ gold composite to see if the same
effect could be seen here. The cross sectional images of a gold nanocomposite with 62.5 mg
auric chloride before and after heating are shown in Figure 7.15 and in Figure 7.16.
From the SEM images it can be seen that the gold nanocomposite does not behave simi-
lar to the silver nanocomposite. More particles are formed, but not such that nanoparticles
are all which can be seen. At the same time some larger formations of gold is also visible
in between the smaller particles.
The less nanoparticle formation could be because the vast majority of auric chloride is
reduced before the spinning has been completed. No matter the case, the gold composite
is not as versatile as the silver composite regarding this temperature tuning.
7.2 Process Recipe
The process optimisation has been a tedious development involving a lot of variations. If
all the variations should be thoroughly explained the thesis would turn in to a trilogy.
Instead a sum-up is given as well as the final processes for making the nanocomposites.
The variations in UV lithography directly relevant for the possibility to structure the
nanocomposite tested are:
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Figure 7.15 – SEM image of the
cross section of a gold nanocom-
posite. Nanoparticles of different
sizes can be seen, the largest around
60 nm. The particles appear to be
randomly distributed, perhaps with a
higher concentration towards the bot-
tom.
Figure 7.16 – SEM image of the
cross section of a gold nanocompos-
ite after heating to 300◦C. More par-
ticles can be seen, but also lumps of
more than 200 nm. The particles are
not homogeneously dispersed in the
composite.
• Varying the exposure time between 1 min and 30 min.
• Doing constant or interval exposure, with and without nitrogen purge.
• Removing the filter from the aligner.
• Using different co-solvents.
The remaining, numerous, tests can all more less be considered to only effect the resolution,
no matter how long time has been invested into that particular process step.
The majority of all tests were unsuccessful as the breakthrough was first achieved after
removing the filter from the aligner. An idea conceived because of some structuring success
achieved outside the cleanroom in a UV chamber.
Therefore it is great to be able to describe a working recipe obtained under great
distress.
1. Place wafers, silicon of fused silica, in a 250◦C oven for at least four hours.
2. Dissolve a desired amount of AgNO3 in acetonitrile.
3. Add 0.5 ml of the AgNO3 in acetonitrile solution to 4 ml of SU-8 2002 and give it a
gentle shake to ensure complete mixing.
4. Quickly spin the SU-8 mixture on the wafer before particles start to form. The
parameters for spinning is 1500 RPM for 1 min with an acceleration of 500 RPM/s.
5. Soft bake the wafers on a hotplate at 95◦C for 10 min.
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6. Do a UV exposure using interval exposure with 30 s exposure and 30 s wait time. The
number of cycles should be around 15 and are independent on AgNO3 concentration.
Set the aligner to do purge during exposure and remove any filter before exposing.
7. Do a PEB of the wafers at a 95◦C hotplate for 10 min.
8. Develop the wafers in PGMEA bath for 2 min followed by 2 min in a second PGMEA
bath.
9. Rinse the wafers with IPA and dry.
10. Do a hard bake at 300◦C if wanted.
This procedure has been used to fabricate is the best in situ silver nanocomposite
achieved during this project. This was done with the SU-8 2002 photoresist, but a different
procedure was found to work for SU-8 2 with ethanol as the co-solvent. The amount of
silver nitrate which can be used is limited, but there is a clear advantage of not needing to
remove any filter from the aligner.
The process which has also been found to work, involves dissolving AgNO3 in 96 %
ethanol which can be kept as a stock solution. This solution is compatible with SU-8 2
resulting in this alternative process flow:
1. Make a stock solution of AgNO3 in 96 % ethanol, the maximum concentration possible
is 31 mg/ml.
2. Place wafers in a 250◦C oven for at least four hours.
3. Add 0.5 ml of the AgNO3 in ethanol stock solution to 4 ml of SU-8 2.
4. Spin the SU-8 mixture on the wafer using the parameters 1500 RPM for 1 min with
an acceleration of 500 RPM/s.
5. Soft bake the wafers on a hotplate at 95◦C for 10 min.
6. Do an interval UV exposure with 30 s exposure and 30 s wait time. Use 10 cycles
and do purge during exposure.
7. Do a PEB of the wafers at a 95◦C hotplate for 10 min.
8. Develop the wafers in PGMEA bath for 2 min followed by 2 min in a second PGMEA
bath.
9. Rinse the wafers with IPA and dry.
10. Do a hard bake at 300◦C if wanted.
It must be mentioned that the exposure time is not optimised, but assumed to be around
5 min because of the previously mentioned experiments.
It has also been possible to produce an in situ gold composite with auric chloride
dissolved in cyclopentanone. The process follows that of the in situ silver composite with
SU-8 2002, but the particle formation initiates much faster, within 20 s, than for silver.
Due to the rapid formation of gold nanoparticles the entire process does however need to
be optimised as the obtained results are not good. It can also be argued that for gold the
process is not really in situ as the particles are formed before spinning.
For gold it has also been possible to make an ex situ composite using the particles
described in subsection 4.1.2 which have then been transferred to SU-8. The process has
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again been identical to that of in situ silver, and with good results. The difference is that
instead of mixing the precursor with co-solvent and SU-8 the SU-8 nanoparticle sol is used
directly instead. The ex situ procedure is preferred for the gold nanocomposite.
Achieving metal nanocomposites which be structured at the micro scale is a great result.
Although the process is not completely optimised it has been shown both gold and silver
nanocomposites can be used. One of the goals of the project was also to make a conductive
composite which will be described in the next chapter.
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Conductive Composites
It was mentioned in section 1.9, that SU-8 has been used in connection with silver nanopar-
ticles to make a conductive composite. A conductive composite was also one of the original
main goals of this research project and a lot of time has therefore gone into this work.
Nanoparticles have in general been used in many composites to enhance conductivity.
Metal nanoparticles are used because of their good electric conductivity, and electric con-
ductivity for the entire composite material is achieved when the amount of nanoparticles
increase above a certain value known as the percolation threshold. Nanocomposite con-
ductivity has been found to agree very well with theoretical percolation values where the
nanoparticles form a connecting structure [102]. This means that besides the optical ef-
fects which are present even at low nanoparticle loading, high loading results in conductive
materials further adding functionality. For silver nanoparticles the percolation threshold
has been shown to be at 3.9 wt.% [59] while the general theory for perfectly dispersed
spherical particles the percolation threshold is to be expected at 12 wt.% [103].
Even if a conductive nanocomposite cannot be achieved it might still be useful as
nanoparticle loadings just below the percolation threshold can be utilized for making ma-
terials with very high dielectric constants. Although the breakdown strength of the com-
posite might decrease when nanoparticles are introduced, an increase in dielectric constant
is definitely found and nanoparticles are much better than microparticles [104]. Materials
with high dielectric constants are interesting for use in for instance super capacitors.
The focus is however on conductive silver nanocomposites.
8.1 Fabrication of Conductive Composites
The attempt towards a conductive nanocomposite has only been performed outside the
cleanroom because of the problems with spinning resists with high loadings of silver nitrate
as shown in section 7.1.2. This problem was not encountered in the lab, or at least not
noticed.
The process initially used for attempting to make a conductive composite was.
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1. 1 ml of 0.5 mg/ml AgNO3 in DMSO is added to 2 ml of SU-8 2002.
2. The mixture is spun on a 50 mm silicon Piranha cleaned wafer at 1000 RPM for 30 s.
3. The wafer is placed on a 95◦C hotplate for 10 min.
4. The wafer is given a 1 min UV exposure.
5. The wafer is placed on a 95◦C hotplate for 10 min.
6. The temperature on the hotplate is increased to 150◦C .
7. The wafer is removed from the hotplate after 30 min.
This resulted in a wafer where the deposited film had a grey colour resembling that
of pure silver. To see if conductivity had been achieved a quick test was done where two
probes connected to a multimeter was placed on the surface. This procedure did however
not result in any conductivity.
As the wafer looked very metallic it was investigated whether an additional heating
would have any effect. The wafer was therefore placed on the hotplate once more, but this
this time the temperature was set at 300◦C. 300◦C was chosen as the SU-8 should be able
to handle this temperature, and also because it is above the melting temperature for silver
oxides [97]. The wafer was heated for 30 min.
After this second heat treatment no visible difference could be seen on the wafer, but
measurements with the multimeter showed that the composite had become conducting. 4-
point probe measurements which could give values for contact resistance, sheet resistance
and if it was a surface current or structural current was unfortunately not done. The
measurements with the multimeter however indicated that resistances as low as 7 Ω across
the wafer could be achieved.
To test reproducibility and confirm that the high temperature treatment at 300◦C
was responsible for the conductivity, additional composites were made following the same
procedure except they did not receive a 150◦C bake, but was placed directly at 300◦C after
the bake at 95◦C.
After 30 min of heating at 300◦C the composites were tested for conductivity, but none
could be found! The wafers were therefore given another 30 min at 300◦C , but still showed
no conductivity.
It was therefore decided to return to the exact same procedure as originally. The wafers
where given a 150◦C treatment followed by a 300◦C treatment. When this procedure was
followed the composites were again conductive. The correct heating is therefore a very
critical step.
Further testing has also shown that placing the wafers on a programmable hotplate
which increases the temperature with 1◦C/min also resulted in conductive composites.
A possible explanation of the process has also been considered. Most likely the parti-
cles are formed at the lower temperature and then fused together when the temperature
is increased. If the high temperature is used immediately the SU-8 hardens before enough
particles have been formed and are thereby creating a separating layer between the parti-
cles.
A SEM investigation helps to understand the structure of the conductive nanocompos-
ite. Although very inhomogeneous, a zoom on the conductive areas look like as shown in
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Figure 8.1 – SEM image of fabricated silver nanocomposite. High surface roughness
can be seen, but it is also clear that numerous small silver nanoparticles form a con-
necting structure resulting in the conductivity. Some larger particles can also be seen.
Figure 8.1. In a small conclusion on the conductivity you could say that one small step in
the process results in a giant leap for the nanocomposite functionality.
8.2 Conductive Silver Nanocomposite Comparison
The achieved conductive silver composite should be compared to what is commercially
available.
The work of Jiguet et al. [62] has resulted in the possibility to buy a commercial
conductive SU-8 composite with silver nanoparticles. The composite still suffers from the
inability to use spin coating and problems with front side exposure, but a sample was
acquired for comparison.
The commercial composite was deposited on a wafer and the conductivity measured.
The exact values were again not measured, but the conductivity was definitely much higher
than for the one produced in this project. The datasheet for the commercial composite
reports a conductivity of 10-1000 S/cm2 [105], which is then the target value that should
also be achieved with further development.
The commercial silver nanocomposite was deposited on the wafer using the following
procedure.
1. 3 ml of commercially available conductive SU-8 is spun on a 50 mm silicon Piranha
cleaned wafer at 1000 RPM for 30 s.
2. The wafer is placed on a 95◦C hotplate for 10 min.
3. The wafer is given a 1 min UV exposure.
95
CHAPTER 8. CONDUCTIVE COMPOSITES
Figure 8.2 – SEM image of
commercially available SU-8 silver
nanocomposite. The composite is
seen to consist of a sort of weath-
ered silver structure made from the
nanoparticles in the resist.
Figure 8.3 – SEM image of con-
ductive silver composite made in
this project. The composite consist
of a somewhat layered structure of
connected nanoparticles.
4. The wafer is placed on a 95◦C hotplate for 10 min.
5. The temperature on the hotplate is increased to 150◦C .
6. The wafer is removed from the hotplate after 30 min.
The commercial silver composite and the conductive silver composite from this project
were also investigated with SEM to see the difference in structure. Images at roughly the
same magnification are shown in Figure 8.2 and Figure 8.3.
While comparing, it can be seen that the commercial one has a more branched surface
where the nanoparticles are fused together in a series of structures making it hard to
distinguish the original nanoparticles. On the other hand, the nanocomposite from this
project has a much more layered structure in which the original nanoparticles are much
easier to distinguish. It was also found that the commercial composite was deposited
very homogeneous across the wafer while the nanocomposite from this project had a very
inhomogeneous coverage. The inhomogeneity of the deposited layer is also something which
has to be improved if it should be used as a conductive nanocomposite.
From the images it is easy to conclude that the composite from this project has a more
optimal structure, but as long as it is not homogeneous across the wafer, this would be a
stretch. As the conductivity of the nanocomposite from this project is also much lower,
the commercial composite is unfortunately at the moment the better choice.
Only a few attempts have been made on fabricating a conductive gold nanocomposite,
but none of these where successful. The dielectric constant of the unsuccessful nanocom-
posites should however be measured in future work as the material might be useful for
super capacitors.
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Conclusion
This Ph.D. has involved a lot of experiments, testing and process optimisation. The ma-
jority of which has been explained in the previous chapters. In this chapter the major
findings are collected once more and some final remarks and conclusions are given.
It was in the introduction, with some examples, explained how nanocomposites are
extremely interesting because of the unique properties of the used nanoparticles which
properties are maintained in the final composite. The focus of the Ph.D. was metal-
lic nanocomposites, in particular gold and silver nanocomposites. The nanocomposites
should be useful for micro-and nanofabrication and it was chosen to go for the epoxy based
photoresist SU-8. Not many SU-8 gold nanocomposites have been reported, but some SU-8
silver nanocomposites are described in literature, although with some significant process
incapabilities. These process difficulties were described and one of the goals to overcome
these.
The introduction also briefly touched upon green chemistry and how all processes in
this project should follow these guidelines.
The remainder of this chapter follows the general structure of the thesis and the conclu-
sions will explain how both SU-8 gold and silver nanoparticles have been successfully fab-
ricated and how the processing problem previously experienced with SU-8 silver nanocom-
posites have been overcome.
9.1 Nanoparticle Synthesis and Stabilisation
The first part of the project revolved around nanoparticle synthesis, coating with organic
polymers to increase colloidal stability and transfer into organic solvents.
Gold Nanoparticle Synthesis
Gold nanoparticles were synthesised using the very well-known Turkevich method and
characterised using TEM and UV-Vis spectroscopy.
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The nanoparticle diameter was estimated from absorption maximum and equation 2.1
and confirmed by TEM investigation. Synthesised gold nanoparticles have been stable for
the entire three year duration of this project.
Synthesis of gold nanoparticles should be easy the main conclusion is in agreement with
this.
• Long-time stable 22 nm large spherical gold nanoparticles have easily been synthe-
sised.
Silver Nanoparticle Synthesis
Silver nanoparticle synthesis was not as straight forward as the gold nanoparticle synthesis
as many different methods are being using by different research groups. The many synthesis
methods for silver nanoparticles are also not as forgiving as the gold nanoparticle syntheses
with regard to irregularities in the process parameters. It was decided to try two different,
but simple methods of silver nanoparticle synthesis in water.
Both methods result in almost identical nanoparticle concentrations. The nanoparticle
diameter could not be estimated from the absorption maximum, but UV-Vis and TEM
investigations were done none the less. All synthesised silver particles have also been stable
for the entire three year duration of this project.
The main conclusion found regarding the silver nanoparticles was then.
• Long-time stable spherical silver nanoparticles have been synthesised by two methods.
• The Mulfinger procedure is superior to the Giuffrida method regarding size distribu-
tion of the nanoparticles.
Polymer Coating of Nanoparticles
After synthesis the colloidal stability of the particles were enhanced by coating with or-
ganic polymers. Two different biocompatible amphiphilic block co-polymers were chosen,
PVP/VA and PVA-COOH.
The nanoparticles were coated using a post grafting technique in which the polymer
dissolved in water was added to the synthesised particles and shaken for a long time.
The colloidal stability of the coated gold nanoparticles was later tested to show that
PVA-COOH is incompatible with SU-8 which led to the silver nanoparticles only being
coated with PVP/VA.
The conclusions for this post grafting coating method were:
• Gold nanoparticles can be coated with both PVP/VA and PVA-COOH and shows
good stability.
• PVA-COOH coated particles appear to have higher colloidal stability than PVP/VA
coated particles.
• PVA-COOH is not compatible with SU-8.
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• Silver nanoparticles can be coated with small amounts of PVP/VA.
• Large amounts of PVP/VA polymers results in colloidal instability of the silver
nanoparticles.
• Silver nanoparticles synthesised using the Mulfinger procedure is more stable than
following the Giuffrida method.
• Post grafted gold nanoparticles can be suspended and are stable in most organic
solvents, but not SU-8.
To further increase the colloidal stability two pre grafting methods in which the polymer
is present during nanoparticle synthesis were developed, one method for gold nanoparticles
and one for silver nanoparticles. There was a general increase in stability and higher
nanoparticle concentrations could be directly synthesised. The conclusions were:
• Long time stable PVP/VA pre grafted gold and silver nanoparticles have been syn-
thesised.
• Pregrafting results in more non-spherical gold nanoparticles.
• Higher initial nanoparticle concentration can be achieved with the pre grafting method.
• The colloidal stability of the pre grafted nanoparticles is enhanced compared to com-
parable post grafted nanoparticles.
• Pre grafted nanoparticles can be suspended and are stable in SU-8.
Solvent Exchange
Solvent exchange proved to be one of the most difficult parts of this project. Three different
methods with their own advantages and disadvantages were tried.
Centrifugation was tested as it often used for nanoparticles and had successfully been
applied in another project. It was tested with both PVP/VA and PVA-COOH coated gold
particles, but the PVA-COOH coated particles have a colloidal stability so high that they
could not be centrifuged down. After centrifugation the PVP/VA coated particles were
dried in a desiccator, but could then not be suspended in organic solvents.
Freeze-drying was found to result in nanoparticle agglomeration due to phase separa-
tion. This was always the case for post grafted silver nanoparticles and sometimes for
post grafted gold nanoparticles. Later tests have indicated that phase separation is not a
problem for pre grafted gold nanoparticles.
The third method tried was evaporation under reduced pressure. It was found that
complete drying resulted in an inability to suspend in organic solvents similar to what was
experienced when using centrifugation. Co-evaporation of solvents was adopted instead
where the particles never reach a dry step. This was found to be very effective.
In total the main conclusions of the solvent exchange were:
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• Completely dried particles cannot be suspended in organic solvents.
• Freeze-drying of post grafted nanoparticles result in phase separation and agglomer-
ation.
• Co-evaporation of solvent can be used to transfer pre grafted nanoparticles into SU-8.
• Freeze-drying appears to be a viable method for pre grafted gold nanoparticles.
9.2 Nanocomposites
The second part of this thesis revolved around actual nanocomposites of SU-8 and either
gold or silver. The first nanocomposites were made using the previously synthesised and
described nanoparticles in a process called ex situ.
Ex Situ Nanocomposites
For the ex situ composites attempts were made to use both post and pre grafted nanoparti-
cles. It was not possible to use the post grafted silver nanoparticles while the post grafted
gold nanoparticles resulted in a nanocomposite consisting of different domains. These
domains were either large gold nanoparticle agglomerates or individually suspended gold
nanoparticles.
Better success was obtained using pre grafted nanoparticles which resulted in a gold
nanocomposite with individually dispersed nanoparticles. It has also been possible to
produce a silver nanocomposite using this method, but it has not been reproducible.
The plasmonic absorption for both the gold and silver nanocomposite was found to
resemble that of the nanoparticles before cross-linking the SU-8. The gold nanocomposite
was also structured with a resolution of approximately 5 µm.
The main conclusions for the ex situ nanocomposites were:
• Post grafted nanoparticles cannot be used for making nanocomposites.
• Pre grafted gold nanoparticles can be used to make a nanocomposite.
• The procedure for making a nanocomposite using pre grafted silver nanoparticles is
not reproducible.
• The gold nanocomposite can be structured using UV lithography.
In Situ Nanocomposites
Alternative methods for nanocomposite fabrication were also developed. The in situ ap-
proach utilises the fact that SU-8 reduces the used metal precursors and forms nanoparti-
cles.
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The method was found to not be that suitable for gold nanocomposites as nanoparticle
formation happens within 20 s. The main challenge with the silver nanocomposite was to
select a suitable co-solvent as the metal precursor cannot be dissolved directly in SU-8 or
cyclopentanone. DMSO was chosen as the preferred candidate while ethanol could be used
in connection with the unpreferred SU-8 2 formulation.
It was found that cross-linking of the SU-8 was possible and that numerous silver
nanoparticles are formed within the polymer matrix. The plasmonic absorption was also
measured for nanocomposites with varying amounts of silver nitrate to find a correlation
between maximum absorption and initial silver nitrate amount. The plasmonic absorption
also showed that the nanocomposites behaved similarly, but that the absorption maximum
was red shifted compared to pre synthesised nanoparticles.
The main conclusions for the in situ nanocomposites were:
• The in situ approach is not that well suited for a gold nanocomposite.
• The in situ approach is very effective in fabricating a silver nanocomposite.
• The silver nanocomposites show a red shifted position of the absorption maximum
compared to pre synthesised silver nanoparticles.
• It is possible to cross-link the SU-8 making it possible to structure the nanocomposite.
Process Optimisation
The process optimisation has almost entirely been done on in situ silver composites. The
process has for much of the time been almost good, but unsuccessful in the end due to
incomplete cross-linking of the SU-8. It was discovered that DMSO is a contributing factor
in preventing cross-linking of SU-8 and the co-solvent was switched to acetonitrile.
After switching to acetonitrile cross-linking was still not possible until removing the
filter from the used aligner. After removing the filter an exposure time of 7.5 min was
found to result in a resolution of 5 µm in the structured nanocomposite. It was also found
that for the used amounts of silver nitrate the exposure time is independent on silver nitrate
concentration. It was, however, discovered that the spinning became inhomogeneous for
high amounts of silver nitrate.
Test with ethanol and SU-8 2 also resulted in a structurable nanocomposite with a
resolution of 5 µm. This was achieved without removing the filter and with an exposure
time of only 5 min. The differences in exposure can perhaps be becomes of the lower
amount of silver nitrate when using ethanol. This also indicates that the exposure time
could be dependent on the silver nitrate amount for low values.
It was also found that a high temperature treatment resulted in the formation of numer-
ous new nanoparticles without growth or agglomeration of already present nanoparticles.
This formation of new nanoparticles also led to a blue shift of the plasmonic absorption
such that absorption maximum again resembles that of pre synthesised nanoparticles.
The main conclusions for the process optimisation were:
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• DMSO inhibits cross-linking of SU-8.
• In situ silver nanocomposites can be structured with a resolution of 5 µm when
acetonitrile is used as co-solvent and the filter removed from the aligner.
• A silver nanocomposite which can be structured without removing the filter can be
achieved by using ethanol as the co-solvent and SU-8 2.
• The exposure time might vary for small amounts of silver nitrate but are independent
of silver nitrate amount for large concentrations.
• High temperature treatments results in the formation of numerous new nanoparticles.
Conductive Composites
Some work did also go into achieving a conductive composite. It was never achieved for any
gold nanocomposite, but high temperature treatment of silver nanocomposites containing
large amounts of silver nitrate resulted in a conductive composite.
The conductive silver nanocomposite was compared to a commercially available prod-
uct, and although the structure of the fabricated nanocomposite appears to be favourable
the conductivity is not yet high enough to effectively compete with the commercial product.
The main conclusions for the conductive composites were:
• It has not been possible to fabricate a conductive gold nanocomposite.
• A conductive silver nanocomposite can be fabricated if the correct heating procedure
is used.
• The produced conductive nanocomposite appears to have a favourable structure com-
pared to a commercially available product.
• The achieved conductivity needs to be approved before the nanocomposite is com-
petitive.
9.3 Final Conclusion
In some final words it can be concluded that the goal of this project was to develop new
metallic nanocomposites for micro- and nanofabrication. This goal has been achieved,
although with some difficulties.
A total of three working procedures have been developed resulting in one gold nanocom-
posite and two silver nanocomposites. One of the additional goals of making a conductive
nanocomposite has also been achieved.
So with all this in mind the ultimate conclusion is that the project was a success, but
possibilities do of course exist for improvements.
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Outlook
In this chapter some of the many ideas for moving forward are presented.
As expected everything has not gone exactly as planned, some will even claim that it
has been a long series of failures before achieving the desired result, but as Niels Bohr once
said; an expert is a man who has made all the mistakes which can be made, in a narrow
field.
10.1 Fabrication and New Materials
It has been proven in this project that it is possible to fabricate nanocomposites and
structure them on the micrometre scale. Some possibilities for future optimisation does
however exist within the fabrication of the nanocomposites as well as some other materials
could be tested.
Solvent Exchange
The solvent exchange was one of the main difficulties on the route towards ex situ compos-
ites. Co-evaporation of solvents was adopted, but freeze-drying seems to be a viable option
for pre grafted gold nanoparticles. It should be confirmed that freeze-drying is indeed a
viable option as this method is preferred.
If freeze-drying could also be found to work for silver nanoparticles this would of course
also be an advantage.
Solvents
For the in situ silver nanocomposites the co-solvent was found to be very important. The
majority of the work was focused on DMSO which did not work during this project and
then acetonitrile. Other solvents should be investigated to see if they have advantageous
properties. Benzonitrile which was not tested due to availability seems like an interesting
alternative to acetonitrile. It has a higher solubility and is less toxic.
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Figure 10.1 – A flexible sensor developed at DTU Nanotech for measuring the oxygen
level in the brain on premature born babies.
Photoresists/Polymers
This work has focused entirely on SU-8 nanocomposites it could however be an advantage
to have nanocomposites consisting of other polymeric materials than SU-8.
As an example more elastic polymers could be considered for fabrication of very flexible
conductors which can be defined on a micro scale. Although flexible screens and electronic
papers exist this new functionality could be interesting within sensor fabrication, as for
instance the flexible sensor for neonatales shown in Figure 10.1.
These new polymers should preferably also be some sort of a photoresist, but this
demand can be discarded as long as structuring is possible.
Other formulations of SU-8 than the primarily used SU-8 2002 should also be tested.
It is unknown whether a higher amount of epoxy resin in the SU-8 formulation will solve
for instance the problem of silver island formation at high silver nitrate loadings.
The entire process of nanoparticle formation for the in situ nanocomposites are un-
known and should in general be investigated. One thing which could be considered is
to add extra amounts of the photo initiated salts to the SU-8 mixture. A hunch is that
the salts are the primary initiator for the nanoparticle formation. If some of the salt is
depleted during nanoparticle formation this could also explain some of the problems with
later cross-linking of the resist.
Nanoparticles
Gold and silver were the choice of material for this Ph.D. project. Depending on the final
application of fabricated devices different metals might be advantageous. Standard metals
such as aluminium and copper could therefore be interesting for the nanoparticles, but also
more exotic materials such as platinum or palladium.
Conductivity
A working process for the conductive composite was never achieved inside the cleanroom.
This has to be achieved before any hopes of having a competitive nanocomposite can be
achieved. There are three main speculations to why it was not achieved.
104
10.2. CHARACTERISATION
One is that very poor thinfilm homogeneity was also experienced outside the cleanroom,
but never considered due to less thorough evaluation of the spinning results.
The second possibility is an unknown effect of the Piranha clean. The Piranha clean is
the most significant difference between the lab experiments and the cleanroom work. This
can easily be tested by Piranha cleaning a wafer in the cleanroom before proceeding with
the dehydration and spinning procedure.
Thirdly the spinning speed could be important. 1000 RPM has been used for several
tests outside the cleanroom, but never inside the cleanroom. A slower rotational speed
could give some improved results with high silver nitrate loadings.
UV Exposure and Silver Nitrate Concentration
It was found that the exposure time was independent on the amount of silver nitrate added
to the SU-8. The very first structured nanocomposite did however receive less exposure
indicating that an effect could be there at low concentrations.
No effect was found down to 16 mg/ml of added silver nitrate, but as the SU-8 2 and
ethanol composite with only 10 mg/ml silver nitrate also needed less exposure further
investigations are needed.
Experiments starting at 10 mg/ml silver nitrate and decreasing the amount from this
value to see if the exposure time also decreases should be done.
Heat Treatment
The last main thing regarding fabrication which should be investigated is all the heat
treatments. The supplier recommends a 1 min soft bake after spinning and before exposure.
This is in contrast to the 10 min used in this project and as standard in DTU Danchip. As
it is known that nanoparticles are formed during heat treatments a shorter soft bake time
might be advantageous. If fewer nanoparticles are formed before UV exposure cross-linking
might be easier.
The high temperature heat treatment in the end of the process should also be inves-
tigated. For the conductive nanocomposite the exact time and temperature to achieve
conductivity is unknown. It is also still a mystery why a direct placement on a hotplate
set at 300◦C did not result in a conductive nanocomposite.
10.2 Characterisation
As the final materials have not been obtained until very late in the project, some character-
isations still need to be done. For all nanocomposite materials the actual amount of metal
in the nanocomposite is unknown and should be investigated. No theoretical estimation
can be made as it is unknown how much metal is lost during spinning.
Four point probe measurements on some of the nanocomposites also need to be done.
These are especially important for conductive composites to find sheet and contact resis-
tance, but also those materials which could be useful as super capacitors. These mea-
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surements will also give information about how the current travels; surface currents or
structural currents.
10.3 Applications
It was never accomplished to use the developed nanocomposites in any form of devices or
applications. Some thoughts must however go into current and future possible applications
for the material.
The characteristic plasmonic resonance for the nanoparticles is maintained within the
composite. The material is therefore a great candidate to be used in different optical
sensors. The exact application must, however, be chosen by experts within this field.
Another large field of applications are biological sensors. Silver nanoparticles are good
for preventing bacterial growth while SU-8 has good biocompatibility. Before the material
is used in biological applications is must however be investigated how well nanoparticles are
encased in the polymer. Nanoparticles or metal ions could leak from the nanocomposite
and this needs to be known to determine which kind of applications the nanocomposite
can be used for. An interesting parameter to investigate would be whether nanoparticle or
metal ion release could be controlled by adjusting a connected current.
The nanocomposite could also be interesting as a material for electrodes as composite
electrodes in general have attracted a lot of attention during the last decade. Maybe
the composite could be useful within electrochemistry, or as a material within a super
capacitor.
If an acceptable conductive composite is achieved several applications also exists. An
example could be easy readout SU-8 cantilevers where the impedance changes with vibra-
tion and attached particles. Easy depositioning and structured nanocomposites could also
be preferred over the standard metal deposition used currently. If thin flexible conductors
can be made this opens up an enormous window of opportunities to be explored.
There are also other projects at DTU Nanotech in which the conductive nanocomposite
could be interesting. In one project gold electrodes are used for dielectrophoresis, but these
are insufficient for the current needs.
So basically there is lot which can still be done, but the possibilities are equally large.
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AppendixB
Materials and Methods
Throughout the thesis several processes for synthesis of nanoparticles and the like has been
explained. In this appendix all have been collected and condensed for those who wish to
do the experiments themselves.
B.1 Nanoparticles
The synthesis of nanoparticles involves in total five different methods divided in such a
manner that there is two for gold and three for silver.
Both synthesis and coating is described in one step.
B.1.1 Gold
Gold(III) chloride hydrate (HAuCl4· 3H2O)≥99.9 % and sodium citrate dihydrate (Na3C6H5O7
· 2H2O) ≥99 % was bought from Sigma Aldrich and Luviskol R© VA 64, a Polyvinyl pyrroli-
done co-vinyl acetate (PVP/VA) mixture was kindly gifted by BASF. Milli-Q water with
a resistivity of 18.2 MΩ cm−1 was used for all solution.
Post Grafted Particles
45 ml of 0.2 % HAuCl4 solution was diluted with 155 ml of Milli-Q water in a two necked
500 ml round bottomed flask equipped with a reflux condenser. The solution was heated
to reflux with rapid magnetic stirring before 5 ml of 5 % of pre heated trisodium citrate
was added through the second neck. The color changes from colorless through black to
wine red. The solution is left to reflux with magnetic stirring for half an hour, before being
cooled to room temperature.
40 ml of the particle solution was transferred to a 45 ml centrifuge tube before being
coated with PVP/VA. 1.4 ml of 100 mg/ml PVP/VA was added to the centrifuge tube
and the entire solution shaken over night.
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Pre Grafted Particles
15 ml of 0.2 % HAuCl4 solution was boiled with 15 ml of 10 mg/ml PVP/VA solution and
5 ml of Milli-Q water. While boiling, 5 ml of hot 3 % solution of trisodium citrate was
added. Within a couple of minutes, wine red coloured PVP/VA coated gold nanoparticle
suspension was obtained with a gold content of 15 mg and a gold to polymer ratio of 1:10.
B.1.2 Silver
Silver nitrate (AgNO3) ≥99.0 %, silver acetylacetonate (C5H7AgO2 98 %) and sodium
borohydride (NaBH4 ≥98.0 %) was bought from Sigma Aldrich. Luviskol R© VA 64, a
Polyvinyl pyrrolidone co-vinyl acetate (PVP/VA) mixture was kindly gifted by BASF.
Milli-Q water with a resistivity of 18.2 MΩ cm−1 was used for all solution. Argon ≥99.99 %
was bought from AGA A/S.
Post Grafted Particles – Procedure 1
30 ml of 2.0 mM sodium borohydride in a 100 ml round bottomed flask was chilled in an
ice bath. 10 ml of 1 mM silver nitrate was added at one drop pr. second under vigorously
stirring. After complete addition the stirring is stopped.
40 ml of the particle solution was transferred to a 45 ml centrifuge tube before being
coated with PVP/VA. 50 µl of 100 mg/ml PVP/VA was added to the centrifuge tube and
the entire solution shaken over night.
Post Grafted Particles – Procedure 2
200 ml of water is saturated with argon in a gas washing bottle for 30 min. 10 mg of
silver acetylacetonate is added to the water and dissolved using magnetic stirring. After
complete dissolve the solution if left for several hours.
40 ml of the particle solution was transferred to a 45 ml centrifuge tube before being
coated with PVP/VA. 40 µl of 100 mg/ml PVP/VA was added to the centrifuge tube and
the entire solution shaken over night.
Pre Grafted Particles
1 g of PVP/VA and 0.1 g of silver nitrate is dissolved in 50 ml of absolute ethanol. 0.02 g
of sodium borohydride and 0.2 g of PVP/VA dissolved in 10 ml of absolute ethanol is
added to the solution at one drop pr. second under vigorously stirring. 30 s after complete
addition the stirring is stopped.
B.2 Solvent Exchange
The solvent exchange is done using a rotary evaporator Rotavapor R© R-210 from Buchi.
The procedure is can only be guaranteed to work for pre grafted particles.
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Gold Nanoparticles
1. 10 ml of gold nanoparticle sol is attached to the rotary evaporator and 2 ml water
evaporated.
2. 1 ml of cyclopentanone is added to the sol.
3. The process is repeated five times.
During evaporation two phases should be observable. After successful removal of the water
only one phase should be observed.
Silver Nanoparticles
1. 10 ml of the nanoparticle sol is attached to the rotary evaporator and 1 ml of ethanol
evaporated.
2. 1 ml of cyclopentanone is added to the sol.
3. 3 ml of ethanol is evaporated and 1 ml of cyclopentanone added.
4. The remaining 6 ml of ethanol is evaporated and 1 ml cyclopentanone added.
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AppendixC
Cleanroom recipe
This process cook book contains a functional process flow for fabrication of an in situ
silver nanocomposite. The process is optimised for the DTU Danchip cleanroom and the
machines in there.
Equipment
Recipe/
Program
Time Comments
100 mm double sided polished, 500 µm fused silica wafers or 100 mm double sided
polished, 350 µm phosphor doped silicon wafers.
1. Pretreatment
250◦C oven 4 hours Preferably over night.
2. Precursor Preparation
Fume hood
Prepare a precursor solution by
weighing of a desired amount of
AgNO3 and dissolving it in ace-
tonitrile.
3. Spinning
Fume hood
0.5 ml of the precursor solution is
mixed with 4 ml of SU-8 2002.
Manual spinner 1 1500 RPM 1 min
Add the freshly made nanocom-
posite mixture using a disposable
transfer pipette.
4. Soft bake
Continued on next page
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Continued from previous page
Equipment
Recipe/
Program
Time Comments
Hotplate 95◦C 10 min
The hotplate is equipped with an
extra aluminium plate for bet-
ter homogeneity which lowers the
temperature. The hotplate should
be set at 105◦C.
5. UV exposure
EVG620 aligner
First print,
constant time
interval
7.5 min
The filter needs to be removed
from the machine prior to expo-
sure. The exposure should be done
in 30 s intervals with 30 s wait in
between. Use purge during expo-
sure.
6. Post exposure bake
Hotplate 95◦C 10 min
The hotplate is equipped with an
extra aluminium plate for bet-
ter homogeneity which lowers the
temperature. The hotplate should
be set at 105◦C.
7. Development
PGMEA baths 2 min
Use dedicated beakers in the fume-
hood. Two baths, 2 min in each.
8. Hard bake
Hotplate
150◦C –
300◦C
30 min
The cleanroom hotplates are nor-
mally confined to a maximum tem-
perature of 220◦C.
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Gold Nanoparticle Doped Polymer Materials for Micro- 
and Nanofabrication 
S. V. Fischer1, N. Masuda1, S. S. Keller1, B. Uthuppu1, M. H. Jakobsen1 
1Department of Nanotechnology, DTU, Kgs. Lyngby, Ørsteds plads, 2800, DK 
Mogens.Jakobsen@nanotech.dtu.dk 
 
New bottom-up approach to fabricate metal nanoparticle doped polymer 
photoresist (polymer nanocomposite) is presented. The nanocomposite holds a 
potential to fabricate hierarchically structured materials which have tailored 
functionalities spanning multiple length, scales and dimensions. Such materials 
will enable exiting new applications in micro- and nanotechnology1. However, 
simple mixture of nanoparticles with many polymers leads to non-uniform 
distribution, particle clustering or aggregation that impairs desired properties in the 
composite material2.  
Gold nanoparticle SU-8 composite was structured by UV photolithography and attained 
the lithographic resolution of 3.5 μm by soft contact (Figure 1). Point-wise light scattering was 
observed through dark field microscopy (Figure 2). Plasmonic extinction peaked at 550 nm and 
similar response was observed by brief Mie calculation at n=1.63, (Figure 3). Spherical gold 
nanoparticle possesses isotropic feature. However, the composite showed polarization 
dependency to incident light, indicating that the particles were self-organized chemically and/or 
physically during the fabrication. The material is speculated to be useful in various fields, such as 
biomedical optics and photonics. The technique may be a break-through for cost-effective and 
scalable development for plasmonic sensing devices for example, SPR spectroscopy/SERS 
substrate and ultra-thin photonic crystals which sometimes relay on time consuming top-down 
approach for the fabrication. Since SU-8, PVP/VA and gold nanoparticles have low biological 
toxicity there may be applications in life science and medicine with this technique4, 5.  
 
Figure 1: Bright field image from two SU-8 structures. 
Lithographic resolution, 3.5μm was achieved 
XI
  
Figure 2: The image from dark field microscopy. From left to right, pictures were taken with 
(A) 1w/w% (8mg), (B) 0.25w/w (2mg) and (C) control respectively. The white bar is the scale 
bar (10μm). 
 
 
Figure 3: Normalized excitation spectra from 5um SU-8/15nm gold nanoparticle composite. 
From black, red to green spectra corresponds to phase in water, SU-8 nanocomposite (1 w/w %) 
and theoretical spectra from 15nm particle at n=1.6 respectively. 
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Abstract – We have made SU-8 gold nanoparticle composites in two ways, ex situ and in situ,
and found that in bothmethods nanoparticles embedded in the polymer retained their plasmonic
properties. The in situ method has also been used to fabricate a silver nanocomposite which is
electrically conductive. The silver composite was structured using UV lithography, and initial
results are very promising with regards to obtained resolution.
I. INTRODUCTION
Metallic nanoparticle photoresist materials are of high interest for the microfabrication of new structures, to
exploit the extraordinary optical properties of the metal nanoparticles. Photoresist materials in which the nanopar-
ticles retain their localized surface plasmonic resonance will serve as a flexible template for next-generation optical
and sensing applications. Furthermore, embedded metallic nanoparticles can improve the electrical conductivity
of the materials allowing the construction of transparent flexible conducting optoelectronic devices.
In general two major approaches to fabricate nanoparticle photoresist materials exists: 1) synthesis and con-
dition the nanoparticles and suspend them into the polymeric matrix followed by polymerization (ex situ) and 2)
formation of the nanoparticles during crosslinking by adding the metal precursor into the polymeric matrix before
polymerization (in situ). The ex situ method allows the synthesis of nanoparticles of controlled size, shape, and
chemical composition [1], but also conditioning of these pre-formed particles is necessary to achieve uniform dis-
tribution in the photoresist. Conditioning of the pre-formed particles can be obtained by ligand exchange methods
[2] to control the suspendability of the nanoparticles in relevant solvents.
SU-8 is a highly performing epoxy-based photoresist widely used for microfabrication of two or three dimen-
sional components with high aspect ratios [3]. The excellent mechanical and optical properties of SU-8 makes it a
highly suitable material for many micromechanical systems and optical components. Embedding metallic nanopar-
ticles into SU-8 will further extend the possibility of using these materials to develop new photonic applications
and optoelectronic devices.
II. MATERIALS
Gold(III) chloride hydrate (HAuCl4 · 3H2O) 99.9+%, sodium citrate dihydrate ≥ 99%, AgNO3 ≥ 99.0 %,
DMSO ≥ 99.9 %, H2SO4 95.0-98.0 %, H2O2 ≥ 30 %, PGMEA 99 % and cyclopentanone ≥ 99,0% were pur-
chased from Sigma Aldrich. SU-8 was bought from microchem, and Luviskol c©VA 64, a Polyvinyl pyrrolidone-
co-vinyl acetate (PVP-VA) mixture was kindly gifted by BASF.
All reagents were used without further purification.
III. METHODS
A. Ex situ Synthesis of Gold Nanoparticle SU-8 Composite
15 mL of 0.2 % HAuCl4 solution was boiled with 15 mL of 10 mg/mL PVP-VA solution and 5 mL of milliQ
Water. While boiling, 5 mL of hot 3 % solution of trisodium citrate was added. Within a couple of minutes, wine
red coloured PVP-VA coated gold nanoparticle suspension was obtained with a gold content of 15 mg and a gold
to polymer ratio of 1:10.
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10 mL of this suspension was evaporated in a rotary evaporator under reduced pressure until the total volume
became around 3 mL. Then 10 mL of cyclopentanone was added and the rotary evaporation process continued.
This step was repeated until all water had evaporated and a stable suspension of PVP-VA coated Au nanoparticles
in cyclopentanone was obtained.
1 mL of the above nanoparticle suspension was then mixed with 1 mL of SU-8 before being spun on a wafer
and given a hard bake.
B. In situ Synthesis of Gold and Silver Nanoparticle SU-8 Composite
In situ generated gold and silver nanocomposites were spun on 2 inch wafers after a pre-treatment step consisting
of a piranha clean (4:1 ratio of H2SO4 and H2O2) for 10 min, followed by a wash in milli-Q water for 10 min and
then drying under nitrogen flow.
For the gold 1 g of HAuCl4 · 3H2O was dissolved in 2 mL of SU-8 and readily spun on the wafer before giving
the wafer a hardbake on a hotplate.
For the silver 0.5 g of AgNO3 were dissolved in 1 mL of DMSO and then mixed with 1 mL of SU-8. The
solution was spun on the wafer and given a hardbake on a hotplate.
If the composite was to be structured, then it was given a softbake after spinning, followed by 30 s UV exposure
using a dedicated mask. After UV the wafer was given another softbake and then developed in PGMEA for 2 min.
After development the wafer was cleaned with propylene alcohol and water before being given a hardbake.
IV. RESULTS
A. Gold Nanoparticle SU-8 Composite
Ex situ generated particles have successfully been transferred to cyclopentanone using PVP-VA as a stabiliser.
The stable suspension in cyclopentanone has been used for mixing with SU-8 to make a nanocomposite, but the
concentration of gold compared to polymer is low. High gold concentration in SU-8 has been achieved using
in situ formation of nanoparticles within the SU-8. This process does however eliminate control of particle size
and the possibility to functionalise the particles. Fig. 1 shows a SEM image of in situ synthesised gold SU-8
nanocomposite. The picture shows the presence of a large number of nanoparticles embedded in the polymer
matrix. Fig. 2 shows preliminary results from fitted absorption spectra of gold SU-8 composites made by both
the in situ and the ex situ method. It is evident that the embedded particles retain their plasmonic response in the
Fig. 1: SEM image of a gold nanocomposite, a
large number of gold nanoparticles can be seen.
The particles are divided into two groups, small
particles of around 30 nm to 50 nm and large par-
ticles between 150 nm and 300 nm.
Fig. 2: Fitted Absorption spectra of ex situ generated gold
nanocomposite (red solid line), and in situ generated gold
nanocomposite (blue dashed line) and gold nanoparticles sus-
pended in cyclopentanone (black dotted line). The lower wave-
length for the absorption peak of the ex situ composite indicates
smaller nanoparticles than in the in situ composite. The instru-
ment went into saturation below 375 nm.
XV
 8th International Congress on Advanced Electromagnetic Materials in Microwaves and Optics - Metamaterials 2014
Copenhagen, Denmark, 25-30 August 2014
visible region. From the absorption peaks, it is also understood that the particles achieved by the in situ method
are larger than with the ex situ synthesized particles. Why the bare particles in cyclopentanone show a peak at a
significantly higher wavelength has not been investigated.
B. Silver Nanoparticle SU-8 Composite
Fig. 3 shows the SEM image of a silver nanocomposite obtained by an in situ synthesis. The silver nanocom-
posites are found to be electrically conductive. The electrical conductivity of the silver composite is evident from
the better images of the silver composite as compared to the in situ gold composite shown in Fig. 1.
Comparing Fig. 1 with Fig. 3, large particles surrounded by smaller particles can be seen in case of the gold
composite, while the silver composite shows a more homogeneous distribution of particle sizes. In both cases
some larger agglomerates of small particles can be seen.
Fig. 4 shows the SEM image of silver SU-8 nanocomposite structured by UV lithography. The in situ formed
silver nanoparticles are clearly visible and the straight line defined by the UV lithography indicates the possibility
of patterning such materials for making devices. The large contamination in the across all areas is to be expected
as the process has not been made in a sufficiently clean environment.
V. CONCLUSION
Gold nanoparticles are successfully embedded in two different ways in situ and ex situ into an epoxy photoresist
material, SU-8, without losing their plasmonic response with visible light. The advantage of in situ generation of
particles compared to ex situ synthesis is the possibility to achieve very high particle concentration, which has not
otherwise been possible.
In situ formation of silver particles in the polymer matrix is also done to create a conductive nanocomposite
which is subsequently structured using UV lithography, with promising results. We expect that this process will
allow structuring with UV lithography at a resolution comparable to that of unmodified SU-8.
Fig. 3: SEM image of a silver nanocomposite, a complex
structure of silver nanoparticles can be seen together with
some significantly larger particles.
Fig. 4: SEM image of silver nanocomposite structured
by UV lithography. A sharp edge defined by UV lithogra-
phy can be seen between the composite and the substrate.
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Abstract – Gold nanoparticles coated with amphiphilic block co-polymer PVP-VA are found to be 
extremely mobile in sand columns in laboratory based experiments. The ultra-stability obtained by such 
surface modification is also shown by diluting down to a concentration of 62.5 ppb in groundwater having 
other ions. Such a low level detection of particles is achieved by non-destructive simple UV-Vis 
spectroscopic technique equipped with liquid wave guide capillary cell (LWCC) units. These results 
propose the possibility of using surface engineered gold nanoparticles as model system for tracing the 
mobility of other engineered nanoparticles in the subsurface.  
 
I. INTRODUCTION 
 
Nanoparticles (NPs) are manufactured for their specific properties providing possibilities for new and 
improved products and applications. The use of engineered nanoparticles (ENPs) has therefore brought 
significant innovation and advances to society, including benefits for human health and the environment. At the 
same time, little is known about the potential risk associated with the inevitable release of these new materials to 
the environment, and their new properties are poorly understood [1]. Recent advances in chemical synthesis 
resulted in increased colloidal stability of ENPs in high concentrations by coating with a large variety of natural 
and synthetic polymers [2]. This also resulted in their enhanced mobility in surface water and groundwater, 
which may lead to inadvertent impacts on aquatic ecosystems and human health. Hence, there is a need for 
tracing of ENP behaviour in the environment. Detection of ENPs in natural water systems, however, has proved 
very challenging [3]. In this paper, we report the possibility of using polymer stabilized gold nanoparticles for 
tracing the mobility of engineered nanoparticles (ENPs) in the subsurface. Colloidal gold has been of great 
interest for centuries due to its interaction with visible light to produce vibrant colors. In nanotechnology, the use 
of gold nanoparticles (AuNPs) as a model system for exploring various phenomena including self-assembly, 
biolabeling, catalysis, phase transfer, crystal growth and many more is evident from the number of articles found 
in the literature. The unusual optical-electronic properties, high chemical stability, relatively low toxicity and the 
rare possibility of natural occurrence in the subsurface have made AuNPs the model system of choice in this 
context. In this paper we show that otherwise immobile and unstable bare AuNPs achieve enhanced mobility in 
sand columns and extreme stability on dilution with groundwater containing various ions, when coated with an 
amphiphilic block co-polymer PVP-VA (polyvinyl pyrrolidone-co-vinyl acetate). It also addresses the possibility 
of detecting extremely stable colloidal gold in tracer amounts (at least 1000 fold lower than ENPs), to 
substantiate the use of such an expensive noble element for environmental monitoring.  
 
 
II. SYNTHESIS OF GOLD NANOPARTICLES 
 
Stable suspensions of AuNPs with high gold concentrations (0.5 mg mL-1) and low size distribution were 
synthesized by the well-known citrate reduction method with slight modification as described in Li et al [4]. The 
surface modification of AuNPs is attained in two different ways. In a pre-grafting technique, the reduction of 
Au3+ ions by citrate is carried out in the presence of the polymer, PVP-VA (AuNP:PVP-VAPre) and in the post-
grafting technique, AuNPs synthesized first and then the surfaces were modified by shaking with PVP-VA 
solution (AuNP:PVP-VAPost). 
978-1-4799-3452-2/14/$31.00 ©2014 IEEE 421
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III. MOBILITY OF PVP-VA COATED GOLD NANOPARTICLES 
 
Mobility tests were conducted in three transparent PVC columns (30 cm long and 2.125 cm inner diameter) 
filled with tamped sand (DanSand 00) with a small grain size (0.32 mm-0.71 mm). The columns were feed by a 
bottom-up flow with a velocity of 1.0 mL/min. The feed solution (12 mL) was introduced to the column 
followed by tap water until the feed solution has passed through the column. Initially, the columns were fed by a 
non-reactive chloride tracer solution to determine the flow characteristics in the porous media as a base for 
comparison with the AuNP solutions. Secondly, three different AuNP solutions (0.3 mg/mL) were introduced to 
the columns: uncoated AuNPs, AuNP:PVP-VAPre and AuNP:PVP-VAPost. The column effluents were collected 
continuously (4 mL samples) and the concentrations were measured. The chloride concentration was measured 
by titration and the AuNP concentration was measured by spectroscopy (absorbance at 520 nm). The mobility of 
the different NPs was assessed based on breakthrough curves. The breakthrough of a non-reactive tracer occurs 
after a pore volume of one. Based on the breakthrough of the tracer, the pore volume of a sand filled column was 
52.4 mL (equivalent to a porosity of 0.49). It was found that the surface modification with PVP-VA makes the 
AuNPs mobile in the porous media as shown in figure 1. The uncoated AuNPs have a very low mobility and 
never broke through the column; instead they were deposited at the column inlet resulting in clogging. However, 
both pre- and post-grafted AuNPs show no retardation compared to the water front (breakthrough around one 
pore volume similar to the tracer), while pre-grafted AuNPs show better performance in terms of recovery 
(larger area under the breakthrough curve). The recovery of pre-grafted AuNPs is 85% (tracer 87%), while only 
66% of the post-grafted AuNPs are recovered in the effluent. The better recovery for AuNP:PVP-VAPre is likely 
due to stronger ligand – metal particles interactions; the stronger the interaction the lesser the ligand lose during 
the transport in the porous media. 
 
 
Fig. 1. Breakthrough curves for a non-reactive chloride tracer, uncoated AuNPs, AuNP:PVP-VAPre and AuNP:PVP-VAPost 
with a flow velocity of 1.0 mL/min in a porous media (0.32-0.71 mm sand). The surface modified AuNPs show high mobility 
similar to the tracer (similar breakthrough curves), while unmodified AuNPs are immobile (no breakthrough). 
 
 
IV. DETECTION OF AUNPS AT TRACER LEVEL 
 
PVP-VA coated AuNPs exhibit a strong plasmonic resonance in the visible spectrum allowing their detection 
by nondestructive optical methods at concentrations at least 1000 fold lower than most ENPs. Using a 
conventional UV-Vis spectrometer equipped with liquid waveguide capillary cell (LWCC), nanogold was 
detected at a very low concentration range (1 ppm – 62.5 ppb). In this technique, 1 m long capillary optical fiber 
is used instead of cuvettes to hold the sample, thus allowing very low detection limits using conventional UV-
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Vis spectroscopy. Compared to uncoated particles, surface modified nanogold with polymers retains the 
plasmonic peaks at 528 nm when diluted with artificial ground water (Fig 2). The various ions (such as chloride, 
nitrate, sulphate etc.) present in the groundwater affect the zeta-potential of the bare nanoparticles and they tend 
to agglomerate whereas physically adsorbed polymer protects the nanoparticles from agglomeration even at high 
dilutions. 
 
Fig. 2. Plasmonic peaks of gold nanoparticles at ~528 nm for 2-fold dilution series measured in liquid waveguide capillary 
cell (LWCC) connected with UV-Vis spectrometer. PVP-VA coated AuNPs shows higher stability in groundwater than bare 
AuNPs 
 
V. CONCLUSION 
 
Modifying surfaces of AuNPs with amphiphilic block co-polymers like PVP-VA make them extremely 
mobile in sand columns and highly stable even at very high dilutions with artificial groundwater containing other 
ions. Non-destructive UV-Vis spectroscopic methods equipped with fiber optic techniques (LWCC) allow 
detecting the gold nanoparticles at tracer concentrations. These findings can be instrumental to use them as 
model particles for tracing the behavior of other ENPs that are exposed to the subsurface environment for 
example zero-valent iron nanoparticles (nZVI) which are used for remediation. 
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 Blueshift of the surface plasmon resonance in 
silver nanoparticles studied with EELS 
 Abstract:  We study the surface plasmon (SP) resonance 
energy of isolated spherical Ag nanoparticles dispersed 
on a silicon nitride substrate in the diameter range 
3.5 – 26  nm with monochromated electron energy-loss 
spectroscopy. A significant blueshift of the SP reso-
nance energy of 0.5 eV is measured when the particle 
size decreases from 26 down to 3.5 nm. We interpret the 
observed blueshift using three models for a metallic 
sphere embedded in homogeneous background mate-
rial: a classical Drude model with a homogeneous elec-
tron density profile in the metal, a semiclassical model 
corrected for an inhomogeneous electron density asso-
ciated with quantum confinement, and a semiclassi-
cal nonlocal hydrodynamic description of the electron 
density. We find that the latter two models provide a 
qualitative explanation for the observed blueshift, but 
the theoretical predictions show smaller blueshifts than 
observed experimentally. 
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1   Introduction 
 Surface plasmons are collective excitations of the electron 
gas in metallic structures at the metal/dielectric interface 
[ 1 ]. The ability to concentrate light with SPs [ 2 ] and to 
enhance light-matter interaction on a subwavelength scale 
enables few and even single-molecule spectroscopy when 
the size of the metallic structures is decreased to a few 
nanometers [ 3 ]. These collective excitations are usually 
well-described by the classical Drude model for nanopar-
ticles with dimensions of tens of nanometer and larger 
[ 1 ]. In the quasistatic limit, i.e., when the wavelength of 
the exciting electromagnetic wave considerably exceeds 
the dimensions of the structure, the local-response Drude 
theory predicts that the resonance energy of localized SPs 
is independent of the size of the nanostructure [ 4 ], and 
that the field enhancement created in the gap between 
two metallic nanostructures diverges for vanishing gap 
size [ 5 ]. These predictions are however in conflict both 
with earlier [ 6 – 9 ] and with more recent experimental 
results, which have shown a size dependency of the local-
ized SP resonance in noble metal nanoparticles in the 
size range of 1 – 10 nm [ 10 ] and pronounced deviations for 
dimer geometries [ 11 ,  12 ]. 
 This dependence of the SP resonance on the size of 
noble metal nanostructures is believed to be a signature of 
quantum properties of the free-electron gas. With decreas-
ing sizes of the nanoparticles, the quantum wave nature 
of the electrons is theoretically expected to manifest itself 
in the optical response due to the effects of quantum con-
finement [ 13 – 17 ], quantum tunneling [ 17 – 20 ], as well as 
nonlocal response [ 21 – 27 ]. Nonlocal effects are a direct 
consequence of the inhomogeneity of the electron gas, 
which arises due to the quantum wave nature and the 
many-body properties of the electron gas. 
 The recent developments in analytical scanning 
transmission electron microscopes (STEM) equipped 
with a monochromator and electron energy-loss spec-
troscopy (EELS) [ 28 ] give the possibility of accessing the 
near-field energy distribution of the plasmon resonance 
of individual nanoparticles on a subnanometer scale with 
an energy resolution better than 0.2 eV. This method has 
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been used for the imaging of surface plasmons in many 
different metallic nanostructures [ 10 ,  29 – 32 ]. With STEM 
EELS it is possible to correlate the structural and chemi-
cal information on the nanometer scale, such as the shape 
and the presence of organic ligands, with the spectral 
information of the SP resonance of single isolated nano-
particles. STEM EELS is thus perfectly suited to probe and 
access plasmonic nanostructures and SP resonances at 
length scales where quantum mechanics is anticipated to 
become important. 
 In this paper we report the experimental study of the 
SP resonance of chemically grown single Ag nanoparticles 
dispersed on 10  nm thick Si 3 N 4 membranes with STEM 
EELS. Our measurements present a significant blueshift 
of the SP resonance energy from 3.2 to 3.7 eV for particle 
diameters ranging from 26 down to 3.5 nm. Our results also 
confirm very recent experiments made with Ag nanopar-
ticles on different substrates using different STEM operat-
ing conditions [ 10 ], thereby strengthening the interpreta-
tion that the blueshift is predominantly associated with 
the tight confinement of the plasma and the intrinsic 
quantum properties of the electron gas itself rather than 
having an extrinsic cause. 
 We compare our experimental data to three different 
models: a purely classical local-response Drude model 
which assumes a constant electron density profile in the 
metal nanoparticle, a semiclassical local-response Drude 
model where the electron density is determined from the 
quantum mechanical problem of electrons moving in an 
infinite spherical potential well [ 16 ], and finally, a semi-
classical model based on the hydrodynamic description of 
the motion of the electron gas which takes into account 
nonlocal response through the internal quantum kinetics 
of the electron gas in the Thomas-Fermi (TF) approxima-
tion [ 33 ,  34 ]. We find good qualitative agreement between 
our experimental data and the two semiclassical models, 
thus supporting the anticipated nonlocal nature of SPs of 
Ag nanoparticles in the 1 – 10 nm size regime. The experi-
mentally observed blueshift is however significantly larger 
than the predictions by the two semiclassical models. 
2   Materials and methods 
 The nanoparticles are grown chemically following the 
method described in Ref. [ 35 ] and subsequently stabilized 
in an aqueous solution with borohydride ions. The mean 
size of the nanoparticles is 12 nm with a very broad size dis-
tribution ranging from 3 to 30 nm. The nanoparticle solu-
tion is dispersed on a 10 nm thick commercially available 
Si 3 N 4 membrane (TEMwindows.com), which has a refrac-
tive index of approximately  n ≈ 2.1 [ 36 ]. To  characterize our 
nanoparticles we have used an aberration-corrected STEM 
FEI Titan (www.FEI.com) operated at 120 kV with a probe 
diameter of approximately 0.5 nm, and convergence and 
collection angles of 15 mrads and 17 mrads, respectively. 
The Titan is equipped with a monochromator allowing us 
to perform EELS with an energy resolution of 0.15 ± 0.05 eV. 
We systematically performed EELS measurements at 
the surface and in the middle of each nanoparticle. The 
EELS spectra were taken with an exposure time of 90 ms 
to avoid beam damage as much as possible. To improve 
the signal-to-noise ratio we accumulated 10–15 spectra 
for each measurement point. We observed no evidence of 
damage after each measurement. 
 The experimental data were analyzed with the aid 
of commercially available software (Digital Micrograph) 
and three different methods were used to reconstruct and 
remove the zero-loss peak (ZLP): the first method is the 
reflected tail (RT) method, where the negative-energy half 
part of the ZLP is reflected about the zero-energy axis to 
approximate the ZLP at positive energies, while the second 
method is based on fitting the ZLP to the sum of a Gauss-
ian and a Lorentzian functions. The third method is to pre-
record the ZLP prior to each set of EELS measurements. All 
three methods yielded consistent results. 
 The energies of the SP resonance peaks were deter-
mined by using a nonlinear least-squares fit of our data 
to Gaussian functions. The error in the resonance energy 
is given by the 95 % confidence interval for the estimate of 
the position of the center of the Gaussian peak. Nanopar-
ticle diameters were determined by calculating the area of 
the imaged particle and assigning to the area an effective 
diameter by assuming a perfect circular shape. The error 
bars in the size therefore correspond to the deviation from 
the assumption of a circular shape, which is estimated as 
the difference between the largest and smallest diameter 
of the particle. 
3   Theory 
 In the following theoretical analysis our hypothesis is that 
the blueshift of the SP resonance energy is related to the 
properties of the electron density profile in the metal nan-
oparticle. Therefore, we use three different approaches 
to model the electron density of the Ag nanoparticle. In 
all three approaches, we calculate the optical response 
and thereby also the resonance energies of the nanopar-
ticle through the quasistatic polarizability  α of a sphere 
embedded in a homogeneous background dielectric with 
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permittivity  ε B . With this approach, we make two implicit 
assumptions: the first is that we can neglect retardation 
effects and the second is that we can neglect the symme-
try-breaking effect of the substrate. We have validated 
the quasistatic approach by comparing to fully retarded 
calculations [ 37 ], which shows excellent agreement in the 
particle size range we consider. The effect of the substrate 
will be taken into account indirectly by determining an 
effective homogeneous background permittivity  ε B using 
the average resonance frequency of the largest particles 
(2 R > 20 nm) as the classical limit. 
 The first, and simplest, approach is to assume a con-
stant free-electron density  n 0 in the metal particle, which 
drops abruptly to zero outside the particle. This assump-
tion is the starting point of the classical local-response 
Drude model for the response of the Ag nanoparticle, 
where the polarizability is given by the Clausius-Mossotti 
relation, which is well-known to be size independent for 
subwavelength particles. The classical local-response 
polarizability  α L is [ 1 ] 
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 where  R is the radius of the particle and 
 ( ) ( ) ( )ε ω ε ω ω ω γω
∞
+2 2D p= - / i  is the classical Drude permit-
tivity taking additional frequency-dependent polarization 
effects such as interband transitions into account through 
 ε  ∞  ( ω ), not included in the plasma response of the free-
electron gas itself. 
 The second approach is to correct the standard 
approximation in local-response theory of a homoge-
neous electron density profile by using insight from 
the quantum wave nature of electrons to model the 
electron density profile and take into account the 
quantum  confinement of the electrons. For nano meter-
sized spheres, the classical polarizability given by the 
Clausius-Mossotti relation must be altered to take into 
account an inhomogeneous electron density. In Ref. 
[ 16 ], it is shown that in general the local-response 
polarizability for a sphere embedded in a homogeneous 
material is given as 
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 now with a spatially varying Drude permittivity [ 16 ,  17 ] 
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 Here,  n ( r ) is the electron density in the metal nanoparti-
cle. Clearly, if  n ( r ) = n 0 we arrive at the classical Clausius-
Mossotti relation Eq. (1) as expected. To determine the 
density profile in this local-response model, we follow the 
approach of Ref. [ 16 ] and assume that the free electrons 
move in an infinite spherical potential well. The approach 
just outlined of a local-response theory with an inhomo-
geneous electron density is very similar to the theoretical 
model used in Ref. [ 10 ] for explaining their experimental 
results. It should be noted that any effects due to electron 
spill-out and quantum tunneling are neglected in all of 
the approaches that we consider. 
 The third and final approach is to compare our experi-
mental data with a linearized nonlocal hydrodynamic 
model in which the electron density is allowed to deviate 
slightly from the constant electron density used in classi-
cal local-response theories [ 22 ,  38 – 40 ]. The dynamics of 
the electron gas is governed by the semiclassical hydro-
dynamic equation of motion [ 25 ,  26 ,  34 ], which results in 
an inhomogeneous electron density profile. The nonlocal 
hydrodynamic polarizability  α NL ( ω ) is exactly given as 
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 and these results constitute our nonlocal-response gene-
ralization of the Clausius-Mossotti relation of classical 
optics. Here,  2 2L p- / /k iω ωγ ω ε β∞= +  is the wave vector of 
the additional longitudinal wave allowed to be excited in 
the hydrodynamic nonlocal theory [ 25 ,  34 ], and  j 1 is the 
spherical Bessel function of first order. Finally, within TF 
theory  2 2F3/5 ,vβ =  where  ν F is the Fermi velocity [ 34 ]. We 
emphasize that for  β → 0, the local-response Drude result is 
retrieved, since  δ NL → 0 and Eq. (4) simplifies to the classi-
cal Clausius-Mossotti relation Eq. (1). 
 The SP resonance energy follows theoretically from 
the Fr ö hlich condition, i.e., we must consider the poles 
of Eq. (4). For sufficiently small blueshifts and neglecting 
damping, the resonance frequency can be approximated 
by 
  
ω ε β
ω
ε ωε ω ε
∞∞
⎛ ⎞+ + ⎝ ⎠+
P B
2
B
2 1= ,
Re[ ( )] 2Re[ ( )] 2
O
R R  
(6) 
 where the first term is the common size-independent 
local-response Drude result for the SP resonance that also 
follows from Eq. (1), and the second term gives the size-
dependent blueshift due to nonlocal corrections. At this 
stage, we note that a 1/(2 R ) dependence was experimen-
tally observed in Refs. [ 6 ,  7 ] using optical spectroscopy. 
However, Eq. (6) reveals, besides a 1/(2 R ) dependence, 
that there is a delicate interplay in the blueshift between 
the material parameters of the metal, through  ε  ∞  ( ω ) and 
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 β , and the background medium  ε B . Furthermore, Eq. (6) 
shows that the blueshift can be enhanced with a large-
permittivity background medium. 
4   Results 
 Figures 1 (A–C) display STEM images of Ag nanoparticles 
with diameters of 15.5, 10.0, and 5.5 nm, respectively. The 
images show that no chemical residue is left from the 
synthesis and that the particles are faceted. We find that 
approximately 70% of the studied nanoparticles have 
a relative size error (i.e., the ratio of the size error bar to 
the particle diameter) below 20% (determined from the 
2D STEM images), verifying that the shape of the nano-
particles is to a first approximation overall spherical (see 
Supplementary Figure 1). On a subset of the particles, 
A B C
D
E
F
2R=14.1 nm
2R=9.8 nm
5 nm
2R=6.6 nm
2.0 2.5 3.0 3.5
Energy (eV)
4.0 5.04.5
C
ou
nt
s 
(A
rb
itr
ar
y 
un
its
)
 Figure 1   Aberration-corrected STEM images of Ag nanoparticles 
with diameters (A) 15.5 nm, (B) 10 nm, and (C) 5.5 nm, and normal-
ized raw EELS spectra of similar-sized Ag nanoparticles (D-F). The 
EELS measurements are acquired by directing the electron beam to 
the surface of the particle. 
thickness measurements using image recordings at dif-
ferent tilt angles were performed, revealing information 
about the shape of the nanoparticle in the third dimen-
sion. Such 3D investigations confirmed that the shape is 
overall spherical, but however could not be completed for 
all particles due to stability issues: the positions of tiny 
nanoparticles fluctuate under too long exposure of the 
electron beam, thus preventing accurate determination of 
the shape of the nanoparticle in the third dimension per-
pendicular to the substrate. 
 Figures 1(D–F) display raw normalized EELS data, 
acquired on Ag nanoparticles with diameters 14.1, 9.8, and 
6.6 nm, respectively. The peaks correspond to the excitation 
of the SP. When the diameter of the nanoparticle decreases, 
the SP resonance clearly shifts progressively to higher ener-
gies. Figures 1(D–F) also display that the amplitude and 
linewidth of the SP resonances can vary from particle to 
particle (with the same size) and at times show narrowing 
instead of the expected broadening of the resonance for 
decreasing nanoparticle sizes [ 6 ,  13 ,  14 ]. This is for example 
seen in the linewidths in Figures 1(D–F) which seem to 
decrease with size. However, as will be explained in more 
detail in the next paragraph, we did not find a systematic 
trend of the linewidths in our EELS measurements probably 
due to the shape variations in our ensemble of nanoparticles. 
 Figure 2 displays the resonance energy of the SP as a 
function of the diameter of the nanoparticles. A significant 
blueshift of the SP resonance of 0.5 eV is observed when 
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 Figure 2   Nanoparticle SP resonance energy as a function of the 
particle diameter. The dots are EELS measurements taken at the 
surface of the particle and analyzed using the RT method, and 
the lines are theoretical predictions. We use parameters from 
Ref. [ 41 ]:  p =8.282ω  eV,  =0.048γ  eV,  n 0 = 5.9 × 10 28  m -3 and 
 ν F = 1.39 × 10 6  m/s. From the average large-particle (2 R > 20 nm) 
 resonances we determine  ε B = 1.53. 
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the nanoparticle diameter decreases from 26 to 3.5 nm. 
This trend is in good agreement with the results shown in 
Ref. [ 10 ], despite the difference in the substrate and the 
STEM operating conditions, a strong indication that the 
blueshift of Ag nanoparticles is robust to extrinsic varia-
tions. Another prominent feature in Figure 2 is the scatter of 
resonance energies at a fixed particle diameter. We mainly 
attribute the spread in resonance energies at a given parti-
cle size to shape variations in our ensemble of nanoparti-
cles (see Supplementary Material). Slight deviations from 
perfect circular shape in the STEM images will result in a 
delicate dependency on the location of the electron probe 
and give rise to splitting of SP resonance energies due to 
degeneracy lifting. In this regard, we also note that even 
a perfectly circular particle on a 2D STEM image may still 
possess some weak prolate or oblate deformation in the 
third dimension, resulting in a departure from spherical 
shape. Calculations using the local response model show 
that a 20% deformation of a sphere into an oblate or prolate 
spheroid results in a 0.4 eV spread in resonance energy 
(see Supplementary Figure 2), which is approximately the 
spread in resonance energy we observe for particles larger 
than 10 nm. Furthermore, shape deviations may also 
impact the linewidth of the SP resonance, since the elec-
tron probe can excite the closely-spaced non-degenerate 
resonance energies simultaneously, which may appear as a 
single broadened peak. This broadening mechanism could 
explain the apparent linewidth  narrowing for decreasing 
particle size seen in Figures 1(D–F). However, we cannot 
rule out that other effects beyond shape deviations con-
tribute to the spread of resonance energies and impact the 
SP resonance linewidth. These could for example be the 
facets or the particle-to-substrate interface [ 42 ]. 
 Along with the EELS measurements in Figure 2, we 
show Eq. (1) for the local-response Drude model (red line) 
and the semiclassical local-response model Eq. (3) (blue 
line). Furthermore, the nonlocal relation of Eq. (3) (green 
solid line) and the approximate nonlocal relation of Eq. 
(6) (green dashed line) are also depicted, and we see that 
Eq. (6) is accurate for particle sizes  >

2 10R  nm. 
 Due to the narrow energy range in consideration 
(∼3.0 – 3.9 eV), we approximate  ε  ∞  ( ω ) as a second-order 
Taylor polynomial based on the frequency-dependent 
values given for Ag in Ref. [ 41 ]. We find  ε  ∞  ( ω ) = (59.8 + i 55.1)
( ω / ω P ) 2 -(40.3 + i 42.4)( ω / ω P ) + (10.5 + i8.6). Since the refrac-
tive index of the Si 3 N 4 substrate varies hardly ( n ≈ 2.1) in 
the narrow energy range we consider [ 36 ], we assume that 
the background permittivity  ε B is constant and determine 
it by approximating the average resonance energy of the 
largest particles (2 R > 20 nm) as the classical limit, i.e., the 
first term of Eq. (6). 
 It is known that local Drude theory produces size-
independent resonance frequencies of subwavelength 
particles, but this theory is clearly inadequate to describe 
the measurements of Figure 2. The nonlocal quasistatic 
hydrodynamic model predicts a blueshift in agreement 
with the experimental EELS measurements. Interestingly, 
the measured blueshift is even larger than predicted. We 
also see that the local-response model with an inhomoge-
neous electron density profile shows a similar trend as the 
nonlocal hydrodynamic model, indicating that these two 
different models describe very similar physical effects. 
The oscillations in the resonance energy in the inhomoge-
neous local-response model seen for small particle diam-
eter are due to small variations in the density profile with 
decreasing size (i.e., discrete changes in the number of 
electrons), as also stated in Ref. [ 10 ]. 
 The inhomogeneous local-response model and the 
nonlocal hydrodynamic model, when applied to a sphere 
in a homogeneous background medium, agree qualita-
tively with the EELS measurements. However, they do 
not provide the full picture. One of the probable issues 
arising is that the substrate is taken into account indirectly 
through a homogeneous background medium, a state-of-
the-art procedure [ 10 ] which however may not be adequate 
to describe the effects of the presence of a dielectric sub-
strate. It has been shown that the dielectric substrate mod-
ifies the absorption spectrum of an isolated sphere [ 43 ] and 
also the waveguiding properties of nanowires [ 31 ,  44 ,  45 ]. 
In an attempt to include the symmetry breaking effect of 
the substrate in our theoretical analysis, we apply a simple 
image charge model. The main effect of the substrate in 
this picture stems from the interaction of the dipole mode 
of the nanoparticle with the induced dipole mode in the 
substrate [ 46 – 48 ]. However, we find that such a dipole-
dipole model for the substrate is inadequate to describe the 
large blueshift observed experimentally (see Supplemen-
tary Material). Indeed, it has been shown that the induced 
image charges in the substrate can make the contributions 
of higher order multipoles in the nanoparticle important 
[ 49 ], and it has also been observed theoretically that higher 
order multipoles produce larger blueshifts in the nonlocal 
hydrodynamic model (Figure 2 in Ref. [ 50 ]). The impact of 
the substrate on the electron density inhomogeneity and 
thereby the SP resonance energy depends on the thickness 
and refractive index of the substrate, which may explain 
the quantitative agreement between theory and experi-
ment reported in Ref. [ 10 ], since thinner substrates with 
smaller refractive indexes were used in their experiments. 
In order to completely address this issue, one would need 
to go beyond the dipole-dipole model for the substrate, 
thus future 3D EELS simulations taking nonlocal effects 
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and/or inhomogeneous electron densities into account 
would be needed. 
 Another complementary explanation in the context of 
the inhomogeneity of the free-electron density could be 
the combined contribution of both the inhomogeneous 
static equilibrium electron density and nonlocality. It is 
well-known that the static equilibrium electron density 
is inhomogeneous, even in a semi-infinite metal [ 51 ], due 
to Friedel oscillations and the electron spill-out effect at 
the metal surface. The Friedel oscillations are modeled in 
the local quantum-confined model given by Eq. (3) while 
 nonlocality is neglected, and  vice versa in the nonlocal 
hydrodynamic model given by Eq. (3). As seen in Figure 2, 
the two effects separately give rise to similar-sized 
blueshifts, suggesting that the contribution of both effects 
simultaneously could add up to the significantly larger 
experimentally observed blueshift. Simply put, an exten-
sion of the nonlocal hydrodynamic model to include an 
inhomogeneous equilibrium free-electron density could 
produce a larger blueshift, which may be in accordance 
with the experimental observations. Furthermore, such a 
model could also take into account the electron spill-out 
effect, which in free-electron models has been argued to 
produce a redshift of the SP resonance [ 21 ,  50 ,  52 – 54 ], 
describing adequately simple metals. In contrast, it has 
also been shown that the spill-out effect in combination 
with the screening from the  d electrons gives rise to the 
blueshift seen in Ag nanoparticles [ 55 ]. 
 Additional size effects such as changes of the elec-
tronic band structure of the smallest nanoparticles, which 
are considerably more difficult to take into account, also 
impact the shift in SP resonance energy [ 6 ]. 
5   Conclusion 
 We have investigated the surface plasmon resonance of 
spherical silver nanoparticles ranging from 26 down to 
3.5 nm in size with STEM EELS and observed a significant 
blueshift of 0.5 eV of the resonance energy. We have 
compared our experimental data with three different 
models based on the quasistatic optical polarizability of 
a sphere embedded in a homogeneous material. Two of 
the models, a nonlocal hydrodynamic model and a gene-
ralized local model, incorporate an inhomogeneity of the 
electron density induced by the quantum wave nature 
of the  electrons. These two different models produce 
similar results in the SP resonance energy and describe 
qualitatively the blueshift observed in our measure-
ments. Although our exact hydrodynamic generaliza-
tion of the Clausius-Mossotti relation predicts a nonlocal 
blueshift that grows fast [as 1/(2 R )] when decreasing the 
dia meter and increases even faster for the smallest parti-
cles (2 R < 10 nm), the observed blueshifts are nevertheless 
larger than predicted. 
 The quantitative agreement between the two differ-
ent theoretical models and the discrepancy with the larger 
observed blueshift suggest that a more detailed theoretical 
description of the system is needed to fully understand the 
influence of the substrate and the effect of the confinement 
of free electrons on the SP resonance shift in silver nano-
particles. On the experimental side, further EELS studies of 
other metallic materials and on different substrates could 
unveil the mechanism behind the size dependency of the 
SP resonance of nanometer scale particles. 
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Abstract 
Nanocomposite materials containing metal nanoparticles are of considerable interest 
in photonics and optoelectronics applications. However, device fabrication of such 
materials always encounters the challenge of incorporation of pre-formed 
nanoparticles into photoresist materials. As a solution to this problem, an easy new 
method of fabricating silver nanocomposites by an in situ reduction of precursors 
within the epoxy-based photoresist SU-8 has been developed. AgNO3 dissolved in 
acetonitrile and mixed with the epoxy-based photoresist SU-8 forms silver 
nanoparticles primarily during the pre- and post-exposure soft bake steps at 95ºC. A 
further high temperature treatment at 300ºC resulted in formation of densely 
homogeneously distributed silver nanoparticles in the photoresist matrix. No particle 
growth or agglomeration of nanoparticles is observed at this point. The reported new 
in situ Silver Nanocomposite materials can be spin coated as homogeneous thin films 
and structured using UV lithography. A resolution of 5 µm is achieved in the 
lithographic process. The UV exposure time is found to be independent of 
nanoparticle concentration. The fabricated silver nanocomposites exhibit high 
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plasmonic responses suitable for development of new optoelectronic and optical 
sensing devices. 
Keywords 
Functional photoresist; in situ synthesis; metal nanoparticles; micro and 
nanofabrication; nanocomposite 
Introduction 
Introduction text 
Noble metal nanoparticles (NPs) have been of high interest for many years as their 
unique properties make them useable in a large variety of applications [1]. The 
application of these NPs ranges from optical imaging, optoelectronics and 
electrochemistry to catalysts [2]. 
However, it is difficult to use such NPs in conjunction with standard top down micro- 
and nanofabrication processes as the positioning and control of the nanoparticles are 
impossible to maintain. Homogeneous polymeric thin film metal nanocomposites are 
therefore of great interest within micro- and nanofabrication. The nanoparticles 
encased in a polymeric matrix should maintain their physical properties, while the 
nanocomposite can be structured using standard fabrication methods allowing 
development of new optoelectronic and sensing devices. 
A good candidate for a polymeric matrix is the epoxy-based photoresist SU-8 which 
is widely used for making high aspect ratio structures [3]. SU-8 is good for optical 
sensors being highly transparent in the visible region [4] and also useful in biological 
sensing applications being quite biocompatible [5]. 
SU-8 thin films are deposited on wafers using standard spin coating techniques [6]. 
However, high loadings of pre-formed NPs in the polymer change the rheological 
behaviour and might hinder the ability to use spin-coating for thin film 
XXXIII
nanocomposites [7, 8]. Furthermore, it is difficult to obtain a stable suspensions of 
pre-formed NPs in  SU-8 without aggregation and phase separation. 
In situ synthesis methods where the particles are formed directly within the polymeric 
matrix from a precursor can circumvent this problem. 
Here we report a fast and simple method for fabricating homogeneous SU-8 based 
metal nanocomposite thin films with in situ generated silver nanoparticles. These 
composite materials can be deposited on wafers using standard spin coating 
techniques and subsequently structured with UV lithography. 
The nanocomposite is prepared by dissolving a AgNO3 precursor in acetonitrile in a 
two-fold dilution series: 500 mg mL-1, 250 mg mL-1, 125 mg mL-1, 62.5 mg mL-1, 31.3 
mg mL-1, and 15.6 mg mL-1. 0.5 mL of the freshly prepared precursor solutions or 0.5 
mL acetonitrile as reference is added to 4 mL of SU-8 2002, which is a formulation of 
SU-8 with cyclopentanone as the main solvent. As AgNO3 is not soluble in 
cyclopentanone, acetonitrile is chosen as a co-solvent. AgNO3 precursor solutions 
with a concentration above 500 mg mL-1 are immiscible with SU-8 using the 
described protocol. 
The SU-8 mixture is then spun on a 100 mm fused silica or silicon wafer, at 1500 
RPM for 1 min followed by heating at 95°C on a hotplate for 10 min. After heating, a 
UV of 5 min is performed to cross-link the polymer followed by a post exposure bake 
at 95°C on a hotplate for 10 min. In case of structuring,  a mask is used during the 
exposure and the wafer is then developed for 2 min in propylene glycol monomethyl 
ether acetate (PGMEA) followed by rinsing with 2-propanol (IPA). After development 
or post exposure bake some of the wafers are further heated to 300°C for 30 min on 
a hotplate. The UV exposure is done without any filters in the aligner. 
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Acetonitrile, the chosen co-solvent for the precursor AgNO3, is a mild reducing agent. 
This precursor solution must therefore be prepared fresh, and added to the SU-8 just 
before spin coating, to minimise unwanted nanoparticle formation. 
Mostly, AgNPs are formed during the heat treatments before and after UV exposure. 
The exact process is not known as acetonitrile and the many constituents of SU-8 
play a role in the NP formation. The AgNPs formed in the SU-8 polymer matrix shows 
strong plasmonic absorption in the visible region as seen in Fig. 1. 
 
 
Figure 1: UV-Vis absorption spectra of silver nanocomposites at silica wafers after 
post-exposure bake at 95°C with varying AgNO3 precursor concentrations. The 
absorption increases with increasing amounts of AgNO3 precursor added. 
 
The high temperature post-exposure bake at 300°C resulted in the formation of 
densely populated silver nanoparticles in the polymer matrix. They appeared to be 
single nanoparticles entities, smaller than the clusters that formed during the baking 
steps at 95ºC. This is evident from the UV-Vis absorption spectra shown in Fig. 2 and 
the SEM images shown in Fig. 3. The plasmonic peak of a nanocomposite baked at 
95ºC is broad; indicating particles or agglomerates of many sizes, whereas the peak 
corresponding to the composite material treated at 300ºC is sharper, enhanced and 
more defined with a λmax of 434 nm. The peak position at 434 nm is a typical value for 
the absorption band of AgNPs [9]. Also; this peak resembles the plasmonic peak 
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obtained for AgNPs in water. The shoulders appearing at higher wavelengths 
indicate the retention of AgNP clusters, formed during the lower temperature 
treatments, in the polymer matrix. These results are visually reinforced in the SEM 
images shown in Fig. 3.   
 
Figure 2: UV-Vis absorption spectra of a nanocomposite on a silica wafer containing 
0.5 mL of 125 mg mL-1 AgNO3 precursor solution after two different post-exposure 
heat treatments. Blue dashed curve – after 95°C for 10 min, red solid curve – after an 
additional 300°C for 30 min and black dotted curve – 15 nm sized AgNPs in water for 
comparison. 
 
The formation of AgNPs is also confirmed with SEM by looking at the cross sectional 
area of a fabricated nanocomposite wafer as shown in Fig. 3. The images confirm 
that individual NPs of 25 nm in diameter are formed, although the randomly 
distributed NP clusters of roughly 80-100 nm are easy to spot when looking at the 
composite treated at 95°C. The SEM image further confirms that the additional heat 
treatment of 300°C results in the generation of more 25 nm sized nanoparticles. It is 
important to note that further growth of already formed agglomerated NPs does not 
happen during this last heat treatment. 
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Figure 3: SEM images of a cross section of a nanocomposite on a silicon wafer 
containing 0.5 mL of 125 mg mL-1 AgNO3 precursor solution. a) after a post bake at 
95°C for 10 min and b) after an additional bake at 300°C for 30 min. 
 
Structuring of the nanocomposite is important if to be used in micro- and 
nanofabrication. Although not fully optimized a resolution of 5 µm is obtained using 
UV-lithography as shown in Fig. 4. 
 
 
Figure 4: Microscope image at 20 times magnification of a nanocomposite containing 
0.5 mL of 125 mg mL-1 AgNO3 precursor solution after structuring using UV 
lithography. 
 
The UV exposure results in the formation of a Lewis acid which cross-links the resist 
in the exposed areas. 
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The prolonged exposure of 5 min compared to a standard exposure time of 10 s is 
required because of the absorption and shadowing effects of the formed AgNPs. 
Further optimisation of the exposure time needs to be done for improving the 
currently obtained resolution of 5 µm. However, preliminary experiments show that 
the exposure time is independent of the added precursor solution for the structured 
nanocomposites with concentrations up to 125 mg mL-1 AgNO3. 
 
With a concentration of 250 mg mL-1 precursor solution added to the SU-8, larger 
amounts of homogeneously distributed micron sized AgNP agglomerates are formed 
after the post-exposure bake at 95°C. This is easily seen in the microscope image 
(Fig 5a). With a concentration of 500 mg mL-1 precursor solution large, more than 
100 µm, randomly distributed phase separated islands of Ag is formed as well (Fig 
5b). Heating to 300°C in both cases increases the amount of AgNPs in the 
nanocomposite but with large inhomogeneity across the wafer. 
 
 
Figure 5: Microscope images at 2.5 times magnification of SU-8 nanocomposites 
after post-exposure bake at 95°C; a) with 250 mg mL-1 of AgNO3 precursor solution 
added and, b) 500 mg mL-1 of AgNO3 precursor solution added. 
 
Figure 6: Microscope images at 5 times magnification of SU-8 nanocomposites after 
bake at 300°C; a) with 250 mg mL-1 of AgNO3 precursor solution added and, b) 500 
mg mL-1 of AgNO3 precursor solution added. 
APPENDIX E. ARTICLES
XXXVIII
 In conclusion, we have developed a method for making in situ SU-8 silver 
nanocomposites with use of the precursor AgNO3 dissolved in the SU-8 compatible 
solvent acetonitrile. The nanocomposite can easily be deposited and structured using 
standard micro- and nanofabrication processes such as spin coating and UV 
lithography. High resolution of 5 µm has been achieved with UV lithography. The UV 
exposure time is found to be independent of AgNO3 precursor concentration. We 
have shown that a bake at 300°C results in further AgNP formation in the composite 
and not particle growth or agglomeration. The plasmonic absorption maximum is 
close to 434 nm and is independent of the AgNO3 precursor concentration up to 125 
mg mL-1. The AgNPs formed in the SU-8 matrix is approximately 25 nm and 
distributed evenly in the composite matrix. At higher precursor concentrations, larger 
agglomerated NPs are dominant and large islands of phase separated Ag are formed 
in the composite. 
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